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Subduction zone is an important interface between the mantle and the surface, however, the 
quantification of the different contributions from the mantle and arc crust to the volcanic system, is still a 
matter of debate. In addition, how this ratio between mantle- and crust-derived components changes over 
time is unknown for the volcanic centres of individual subduction zones. In this thesis the small active 
Milos volcanic field (MVF) in the South Aegean Volcanic Arc (Greece) is studied with the ultimate goals: 
(1) to determine the magma flux from the mantle and the contributions from the 25 km thick continental 
crust it is standing on and (2) how the contributions of mantle and crust are changing over the ~3.5 Ma this 
volcanic field has been active. 
In order to answer these two key scientific questions four main techniques were applied in the 
thesis: (1) 40Ar/39Ar dating to establish a detailed stratigraphic/geochronological framework for the MVF 
(Chapter 2); (2) Modelling of the volcanic plumbing system to determine the magma flux from the mantle 
based on the eruption frequency (Chapter 3); (3) New whole rock major- and trace-element and radiogenic 
Sr-Nd-Pb-Hf isotope data of all important eruption products from the MVF (Chapter 4); and (5) Diffusion 
geochronology of clinopyroxene and plagioclase phenocrysts to establish how long these minerals were 
stored in magma chambers (Chapter 5). 
Chapter 2 reports twenty-one new 40Ar/39Ar ages for ten volcanic units of the MVF. The new 
40Ar/39Ar ages, in combination with the published K-Ar data and nannofossil biozones age information, 
suggest a 3.5-3.15 Ma time interval for the start of the volcanism in the MVF. Based on the high-precision 
40Ar/39Ar ages and published eruption volume data, the MVF volcanic history can be divided into two slow 
growth periods, Period I (~3.3-2.13 Ma) and Period III (1.48 Ma-present), and one fast growth period, 
Period II (2.13-1.48 Ma). Milos' long-term volumetric volcanic output rate (Qe) is 0.2-4.7Í10-5 km3·yr-1, 
two-three orders of magnitude lower than the average for felsic systems and continental arcs. 
Based on the eruption frequency of the MVF, Period III can be subdivided into two sub-periods, 
Period IIIa (1.48-0.60 Ma, >300 kyr interval time of each eruption) and IIIb (0.60Ma-present, <120 kyr 
interval time of each eruption) with a low and high eruption frequency, respectively. Chapter 3 applied two 
published numerical models to investigate which parameters control the alternation of periods with many 
eruptions versus periods of quiescence. These models could be used to correlate the eruption frequency 
with the magma chamber growth of each individual magmatic episode. The results of both models suggest 
that a high magma flux (Qav>0.001 km3·yr-1) and frequent injections (ti<0.5 ka) result in a high rate of 
chamber growth (>0.001 km3·yr-1) and frequent eruptions on Milos. On the other hand, a low Qav (<0.001 
km3·yr-1), infrequent injections (ti>1.0 ka), and high viscosity of the crust surrounding the magma chamber 
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do not result in fast chamber growth and frequent eruptions. The abrupt changes in the parameters Qav, ti, 
and Gmc can best be explained with changes in the tectonic stress field (e.g., extension and compression).  
Chapter 4 investigates the petrography, whole-rock major- and trace-element and radiogenic Sr-
Nd-Hf-Pb isotope characteristics of the different Periods defined in Chapter 2. The petrological texture of 
the unaltered rocks of Period I are high-porphyritic (>30% crystals in volume) andesite to (rhyo)dacite and 
low-porphyritic rhyolitic pumice and lava in Period III. The andesite-rhyolite rocks of Period II both contain 
high and low porphyritic textures. MVF volcanic rocks display trace-element characteristics resembling 
typical continental arc, with the characteristic enrichments of Large Ion Lithophile Element (LILE), Pb and 
Sr, and depletions of Nb and Ta compared to N-MORB. The low Dy/Yb ratios and Y contents, and the high 
Cr contents of Milos volcanic rocks all point to the importance for amphibole as a fractionating mineral, 
the resorption of mafic minerals (e.g., olivine and clinopyroxene) and the large-scale mixing with mafic 
magmas. The amphibole signature is least pronounced in the Period I volcanics, and most pronounced in 
the Period II volcanic units. The radiogenic Sr-Nd-Pb-Hf isotopes (e.g., 87Sr/86Sr=0.70401-0.70785) of 
volcanic rocks of the MVF all point to the importance of assimilation of crustal material. In order to better 
constrain the role of assimilation in the MVF, samples from the possible basement beneath Milos were also 
analyzed. These include schists of Santorini that are probably representative for the upper continental crust 
beneath Molos and gneiss and felsic rock samples from Ios, that are possibly characteristic for the lower 
continental crust beneath MVF. Two assimilation models, a classical AFC model without recharge and a 
more complex model that considers recharge and the heat budget have been tested for the MVF. Both 
models indicate that the amount of assimilation is highest in Period I and lowest in Period III. The 
radiogenic Pb isotopes indicate that during Period I lower continental was the dominant assimilant, whereas 
during Period III this was the upper continental crust. Magma mixing between felsic melts that have 
assimilated significant amounts of crustal material and mafic melts with no or limited amount of 
assimilation are characteristic for Period II volcanic units.  
Chapter 5 focuses on the time-scales of magmatic process of Period I magmas applying diffusion 
modelling of clinopyroxenes (cpx) and orthopyroxenes (opx) phenocrysts of extrusive (pyroclastic flow) 
and intrusive (crypto dome and dyke) units. The estimated Pressure-Temperature (P-T) based on the cpx-
opx pair shows that a recharging magma has a temperature of 967-1027°C. The diffusion modeling suggests 
that these phenocrysts stayed in magma for time-scales of 0.1-100 years, approximating the time-scale of 
magma ascending from deep to upper crust. In such a short residence time-scale, most phenocrysts of the 
dyke unit inherit the compositional character of the mafic recharging magmas from the Moho and Conrad 
regions. However, in a relatively long time-scale (10-1000 years) of recharging magma storing in magma 
reservoir, several replenishment events could occur. Magma mixing and hybridization can be observed and 
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result in the Deep Crustal Hot Zone complex. The last chapter, Chapter 6, discusses the implications of this 






Subductie zones vormen een belangrijke koppeling tussen het binnenste van de aarde en het 
aardoppervlak. Een belangrijk geochemisch vraagstuk is hoeveel van de magma in subductie zones 
afkomstig is uit de mantel en hoeveel uit de aardkorst onder de vulkaan.  Ook weten we vaak niet hoe de 
verhouding tussen mantel en korst materiaal verandert door de tijd voor individuele vulkanen. In dit 
proefschrift gebruiken we Milos, een klein, actief vulkanisch eiland in de Zuid-Egeïsche Vulkanische Boog 
(Griekenland), om dit verder te bestuderen, met de volgende doelen: (1)  hoeveel is de bijdrage van magma 
uit de mantel en hoeveel materiaal is er geassimileerd (komt er uit de korst); en (2) hoe ontwikkelen de 
bijdrages van mantel en korst  zich gedurende de 3.5 Ma dat Milos vulkanisch actief was. 
Om deze twee belangrijke wetenschappelijke vragen te beantwoorden worden in dit proefschrift 
vier hoofdtechnieken toegepast: (1) 40Ar/39Ar datering om een gedetailleerd stratigrafisch/geochronologisch 
raamwerk voor Milos op te stellen (Hoofdstuk 2); (2) modellering van het magmatische systeem om de 
magmaflux uit de mantel te bepalen op basis van de uitbarstingsfrequentie (Hoofdstuk 3); (3) Nieuwe 
geochemische gegevens van hoofd- en sporenelementen concentraties van gesteenten en radiogene Sr-Nd-
Pb-Hf-isotoopverhoudingen van alle belangrijke uitbarstingsproducten van Milos (Hoofdstuk 4); en (5) 
Diffusie chronologie van clinopyroxeen en plagioklaas fenocrysten om vast te stellen hoe lang deze 
mineralen in een magma hebben gezeten (Hoofdstuk 5). 
In hoofdstuk 2 worden eenentwintig nieuwe 40Ar/39Ar ouderdommen gepresenteerd voor tien 
verschillende vulkanische eenheden op Milos. Deze nieuwe ouderdommen duiden in combinatie met eerder 
gepubliceerde ouderdommen van sedimentaire en vulkanische gesteenten van Milos op een start van het 
vulkanisme tussen 3.5-3.15 Ma. De geschiedenis van het Milos vulkanisch veld kan vervolgens opgedeeld 
worden in twee periodes van relatieve langzame groei (Periode I, ~3.3-2.13 Ma en Periode III, 1.48-0.0 
Ma) en een periode van snelle groei (Periode II, 2.13-1.48 Ma). Milos' volumetrische vulkanische flux (Qe) 
varieert tussen 0.2-4.7×10-5 km3·yr-1. Dit is twee tot drie ordes van grootte lager dan de wereldwijd 
gemiddelde flux voor felsische systemen en continentale bogen. 
 Op basis van de uitbarstingsfrequentie van Milos kan Periode III verder opgedeeld worden in 
Periode IIIa (1.48-0.60 Ma, >300 ka tijdsinterval tussen erupties) en IIIb (0.60Ma-present, <120 ka 
tijdsinterval tussen erupties) met respectievelijk een lage en hoge uitbarstingsfrequentie. In hoofdstuk 3 
worden twee numerieke modellen gebruikt om te bestuderen welke parameters de eruptie frequenties 
beïnvloeden. Bovendien leveren deze modellen ook informatie op over de groeisnelheid van de 
magmakamer gedurende de vier periodes. De uitkomsten van beide modellen tonen aan dat een grote 
magma flux (Qav>0.001 km3·yr-1) en een hoge frequentie van magma injecties (ti<0.5 ka) zorgen voor een  
snelle magma kamer groei (>0.001 km3·yr-1) en veel vulkanische erupties op Milos. Daarentegen zorgen 
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een lage magma flux (Qav <0.001 km3·yr-1), weinig injecties (ti>1.0 ka), en een grote viscositeit van de korst 
rond de magmakamer in langzame groei van de magma kamer en weinig erupties. De snelle veranderingen 
in deze variabelen (Qav, ti, en Gmc) kunnen het best verklaard worden met wisselingen in het tektonische 
spanningsveld in de korst (extensie en compressie). 
Hoofdstuk 4 behandelt de petrografie, hoofd- en sporenelementen en Sr-Nd-Hf-Pb isotopen van 
vulkanische producten uit de verschillende vulkanische periodes van Milos (zie hoofdstuk 2). Niet 
omgezette lava en pyroklastische afzettingen (puimsteen) van Periode I zijn porfiriesch (>30 vol.% 
kristallen) en hebben een andesietische tot (rhyo)dacietische samenstelling. Vulkanische producten (lava 
en puimsteen) uit Periode III zijn rhyolietisch in samenstelling en bevatten weinig fenocrysten (<xx vol.%). 
Periode III andesietische-rhyolietische lavas en pyroklastische gesteenten bevatten zowel veel als weinig 
fenocrysten. Vulkanische gesteenten van Milos hebben sporenelementen karakteristieken die kenmerkend 
zijn voor boog vulkanieten, zoals aanreikingen in de LILE (Large Ion Lithophile Elements) en verarmingen 
in Nb en Ta ten opzichte van N-MORB. Lage Dy/Yb ratio’s, lage Y en hoge Cr concentraties duiden op 
het belang van amfibool als mineraal dat achterblijft en de reactie van mafische mineralen (olivijn en 
clinopyroxeen) met het magma. Dit amfibool signaal is het sterkst ontwikkeld in vulkanische producten 
van Periode II en het minst in Periode I. 
De radiogene Sr-Nd-Hf-Pb isotopen (bijv. 87Sr/86Sr=0.70401-0.70785) van vulkanische gesteenten 
van Milos wijzen allemaal op het belang van assimilatie van korst gesteenten. Om de rol van assimilatie in 
het vulkanisme op Milos beter te kwantificeren,  zijn ook “basement” gesteenten bestudeerd. Dit betreft 
schists van Santorini, dat mogelijk representatief is voor de bovenste continentale korst onder Milos en 
gneiss en felsiche gesteenten van Ios, dat waarschijnlijk kenmerkend is voor de onderste deel van de 
continentale korst onder Milos. Vervolgens zijn twee assimilatie modellen getest, een klassiek AFC model 
(assimilatie-fractionatie-kristallisatie) zonder instroom van magma en een complexer model, waarbij er wel 
instroom van magma plaats vindt en dat rekening houdt met het warmtebudget. Beide modellen geven aan 
dat de mate van assimilatie het hoogst is in Periode I (~3.3-2.13Ma) en het laagst in Periode III (1.48-0.0 
Ma). De radiogene Pb isotopen laten zien dat tijdens Periode I de onderste continentale korst de dominante 
assimilant is, terwijl dit tijdens Periode III de bovenste continentale korst is. Magma-vermenging tussen 
felsische smelten, die aanzienlijke hoeveelheden korst materiaal hebben geassimileerd en mafische smelten 
met weinig tot geen toevoeging van korst materiaal zijn kenmerkend voor de vulkanische eenheden uit 
Periode II (2.13-1.48 Ma ).  
Hoofdstuk 5 richt zich op de tijdschalen van het magmatische processen in Periode I, waarbij 
diffusiemodellering van clinopyroxeen (cpx) en orthopyroxeen (opx) fenocrysten van extrusieve 
(pyroklastische) en intrusieve (cryptodome en dyke) gesteenten wordt toegepast. De geschatte druk-
temperatuur (P-T) op basis van de cpx-opx-paren laat zien dat het magma dat de groei van de cpx en opx 
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fenokristen verstoorde een temperatuur heeft van 967-1027°C. De diffusiemodellering suggereert dat cpx 
en opx fenocrysten een verblijftijd van ongeveer 0,1-100 jaar hebben in dit magma. Dit benadert mogelijk 
de tijd die nodig is voor de magma om te stijgen van de diepe naar de bovenste korst. Hoofdstuk 6 bespreekt 
de implicaties van dit onderzoek, inclusief een vooruitblik op vervolgonderzoek dat nodig is om de 






1.1 Magmatism of subduction zones 
Magmatism represents the product of dynamic Earth processes. The mass exchange and heat 
advection in a terrestrial planet is tightly controlled by magmatic processes. Over time, magmatism drives 
the planet's thermal and chemical evolution by continuously shaping the planet's internal structure, surface 
topography and atmospheric shell. Magmatism is the result of the amalgamation of a series of interrelated 
processes, including (partial) melting of the rocks, magma mixing, fractional crystallization, assimilation 
of country rock and magma ascending along conduits such as feeder dykes and final emplacement and 
crystallization (e.g., Arth, 1976; Spera, 1980; Hargraves, 2014). The tectonic setting also plays a key role 
in magmatic processes (e.g., Wilson, 2007). On Earth, magmatism mainly occurs in three distinct tectonic 
settings: intraplate (e.g., hotspot), divergent (e.g., mid-ocean ridge and continental rift) and convergent 
(e.g., subduction zone) plate boundaries. Near the boundary of convergent plates, the heavier plate (i.e., 
oceanic lithosphere) is thrust beneath the less dense plate (i.e., continental lithosphere), and sinks back into 
the mantle of the Earth, forming a subduction zone. Subduction zones where basaltic oceanic or continental 
crust is recycled into the mantle are the main features distinguishing the Earth from other terrestrial planets. 
They are the regions where most material exchange between the Earth's interior and exterior and the largest 
heat anomalies occur (e.g., Stern, 2002; Grove et al., 2012). Understanding magmatic process in subduction 
zones is key to understanding the Earth's thermal and chemical evolution. 
Decades of geophysical, geochemical and petrological research have depicted the processes of 
subduction zone magmatism by developing hypotheses and models, such as the "Melting, Assimilation, 
Storage and Homogenization" (MASH) hypothesis of Hildreth and Moorbath (1988), the "mush column" 
model of Marsh (1996), the "Deep Crustal Hot Zone" (DCHZ) model of Annen et al. (2006) and "Recharge, 
Crystallization + Mixing, and Eruption" (RCME) hypothesis of Putirka (2017). Based on these hypotheses 
and models, the magmatism of the subduction zone can be divided into three subsystems (Figure 1.1A) 
focusing on the production, storage and transport of magma: 
(1) magma production is mainly related to the partial melting of the basalts from mantle or deep 
crust and magma differentiation in mantle or deep crust;  
(2) magma storage can involve magma mixing, crystallization of the magma, assimilation of the 
country rocks in the deep or shallow crust and following eruption, magma storing on the Earth’s surface.  
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(3) magma transport connects the first two systems by faults or pre-existing pathways, such as, 
dykes and conduits.  
 
Figure 1.1 (A) Schematic representation and (B) time-scales of magmatic processes of the magma 
production (red), magma storage (orange) and magma transport (black) subsystems, modified after Annen 
et al. (2006) and Turner and Costa (2007). The red and black colors of Figure 1.1 (A) represent magma 
and surrounding host rock, respectively. See text and references for details of Figure 1.1 (B). 
A large amount of geophysical, geochemical and petrological data is necessary to clearly 
understand the mechanisms in and relationship between each subsystem. However, in the mantle and deep 
crust, the magmatism-related geochemical and petrological data cannot be directly measured due to the fact 
that we cannot drill to these deep depths and can only analyse the material transported to the Earth’s surface. 
Volcanic rocks at the Earth’s surface provide a window to investigate the deep magmatic system. To support 
researchers to construct a quantitative framework for magmatism several databases have been developed in 
the past decades: GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/), Smithsonian Institution 
(https://volcano.si.edu/search_volcano.cfm) and IRIS (https://www.iris.edu/hq/). These databases mainly 
provide geochemical and geophysical data, whereas there is a lack of abundant geochronological data across 
a global scale. Plutonic rocks also offer a glimpse into the deeper parts of magmatic system through 
geochronological analysis, geochemical tracking and diffusion modelling on whole-rocks or minerals (e.g., 
Wiebe and Collins, 1998; Turner and Costa, 2007; Putirka, 2008). In combination with the developed 
numerical models, several crucial parameters have been proposed to describe the processes of magma 
production, storage and transport, such as magma flux, magma chamber growth rate and magma ascent 
speed (e.g., Jellinek and DePaolo, 2003; Annen et al., 2006; Degruyter and Huber, 2014; Caricchi et al., 
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2014). All these parameters require geochronological constraints. Therefore, the quantitative framework of 
magmatism inevitably requires geochronological data, particularly high-resolution geochronological data.  
1.2 High-resolution geochronology 
Advances in analytical methods in the past decade have improved the precision and accuracy of 
geochronological methods. For example, Merrihue and Turner (1966) first reported 40Ar/39Ar dating for 
single samples, using neutron irradiation to convert some 39K to 39Ar which avoids the uncertainty caused 
by splitting samples into two separates for potassium and argon measurements. York et al. (1981) first used 
a continuous laser for single grain step heating and spot fusion 40Ar/39Ar dating. The 40Ar/39Ar analytical 
technique was further developed to supersede the K-Ar technique with the step heating and multiple single-
fusion experiments, which shed light on sample inhomogeneity due to partial alteration effects (e.g., 
McDougall and Harrison, 1988; Schaen et al., 2020). More recently, new developments in multi-collector 
noble gas mass spectrometry have even further increased precision (references). Volcanic eruptions of 
several thousands of years can now be dated using the 40Ar/39Ar method on the groundmass of eruptive 
products, which is often used to define high resolution age models for volcanic systems (e.g., Stromboli, 
Wijbrans et al., 2011; Etna, De Beni et al., 2005). The 40Ar/39Ar method is often preferred over the K-Ar 
method because it allows the assumption of closed system behavior to be tested.  
For measuring the time-scales of magmatic processes, the current analytical methods are mainly 
based on two approaches. One is the analysis of radioactive isotopes in bulk rocks and/or (fragments of) 
minerals (e.g., 40Ar/39Ar dating, U-series and U-Pb geochronology). The second approach involves the 
characterization of chemical zoning patterns in single crystals (e.g., diffusion modelling on minerals or 
melts) (e.g., Turner and Costa, 2007 and references therein). Ages determined by radio-isotope methods 
date the moment the mineral or rock passes through the so-called closure temperature. In case of extrusive 
rocks this generally represents the eruption age (note, that some minerals / isotope systems are prone to 
record magma residence times). In case of intrusive rocks these radio-isotope systems can shed light on 
cooling rates. Ages estimated by chemical zoning in single crystals, particularly at the rims of crystals, only 
provide information on the time since the last replenishment event. The combination of both techniques is 
the foundation of high-resolution geochronology. The application of high-resolution geochronology to the 
three magmatic subsystems introduced above is reviewed below (Figure. 1.1B). 
 
(1) In the magma production system, magma differentiation time-scales can be distinguished from 
<1 to >105 years, based on the U-series and U-Pb isotopes in zircon and diffusion modelling 
on minerals (e.g., olivine, pyroxenes and plagioclase). (e.g., Costa and Morgan, 2010; Druitt et 
al., 2012; Allan et al., 2017). The time-scales recorded in the U-Pb isotopes of zircon crystals 
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indicate the time since zircon crystallizes in the reservoir's magmas before the eruption. In 
contrast, diffusion data could record information related to the processes that lead to the 
eruption (e.g., replenishment event). Therefore, zircon data often suggests relatively longer 
time-scales (103 - >105 years) of magma differentiation than diffusion time-scales (months to 
thousands of years).  
(2) In the magma storage system, there are many magmatic processes involved. For the volcano 
eruption, the magmatic process of magma storing on the Earth’s surface, 40Ar/39Ar method 
likely provides the best estimates of eruption ages based on the erupted K-rich minerals such 
as sanidine, micas and hornblende (e.g., Schaen et al., 2020). Under an ideal condition, the pre-
existing radiogenic or excess Ar will have been removed by degassing due to the high 
temperature during eruption. Therefore, the 40Ar/39Ar ages (i.e., single-crystal 40Ar/39Ar dates) 
reflect the time when a mineral cooled through its closure temperature after eruption, and then 
the volcanic rocks can retain all 40Ar produced from radioactive decay of 40K within the 
mineral. Before the eruption, the magmas stored within the Earth's crust often can last tens to 
hundreds of thousands of years dated by U-series in zircons (e.g., Schmitt, 2011; Cooper and 
Kent, 2014). In the upper crust, magma accumulation process can occur on time-scales as short 
as decades (e.g., Druitt et al., 2012; Wilson and Charlier, 2016). In the deep crustal hot zone, 
magma storage's time-scales could be up to millions of years (e.g., incubation time of Annen 
et al., 2006). The chemical zoning pattern in single crystals could not give the total time of 
magma storing in the reservoir because diffusion modelling on minerals records only the 
replenishment events. The magma assimilation and magma mixing always cause a 
compositional change of the magmas in the reservoir, which results in the chemical zoning in 
crystals. Diffusion modelling on minerals is suitable for estimating the time-scales of these two 
magmatic processes. The time-scale of magma assimilation could be on the order of 100 years 
based on Fe-Ti gradients in oxides or the major and trace elements zoning in plagioclase (e.g., 
Costa et al., 2003). The time-scales of magma mixing can be months for the end-members 
similar in composition (e.g., mixing between two mafic magmas), and years to decades for the 
end-members having the distinct composition (e.g., mixing between rhyolitic and basaltic 
magmas) (e.g., Costa and Chakraborty, 2004). However, the radio-isotope ages could hardly 
capture the time-scale information of the magma assimilation and magma mixing. 
(3) For the magma transport system, U-series isotope data suggests that the melts underneath mid-
ocean ridge ascend much faster (>1000 m.yr-1) from mantle to the surface than the melts 
underneath subduction zones (10-1000 m.yr-1) (e.g., Turner et al., 2001; Rubin et al., 2005; 
Stracke et al., 2006). The ascending melts can be transported via the high-permeability channels 
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(e.g., dyke and conduit). The U-series and diffusion modelling methods indicate that hours to 
days could be the time-scales for the fast magma transport from the upper crustal reservoir to 
the surface, whereas years to hundreds of years are required for the relatively slow transport 
from the deep to shallow reservoirs (e.g., Klügel, 2001; Shaw et al., 2006; Ubide and Kamber, 
2018). As magmas ascend along dyke or conduit, magma degassing also occurs. Diffusion 
modelling (e.g., H2O concentration profiles in obsidian and pumice) gives time-scales of hours 
to days indicating the last degassing event during the eruption (e.g., Castro et al., 2005). Magma 
degassing could also occur in a reservoir at depth which lasts over a few decades before 
eruption determined by 210Pb/226Ra isotope data (e.g., George et al., 2004). The magma 
transporting rate and magma degassing could finally determine the eruption styles (effusive or 
explosive eruptions) (Popa, Dietrich, & Bachmann, 2020). 
1.3 Aims and Methods 
Based on geochemical, petrological and geochronological data, combined with numerical 
modelling, this thesis presents a detailed high-resolution geochronological framework for the Milos 
Volcanic Field (MVF), a part of the South Aegean Volcanic Arc, Greece. This thesis aims to provide 
constraints for: 
(1) The volcanic output rate of the Milos magmatic system; 
(2) The magma flux that is produced by the magma production below the MVF; 
(3) The magma chamber growth rate and assimilation during magma storage; 
(4) The evolution of volcanic pathways and the rate of magma ascend in the MVF. 
The MVF has a long volcanic history of ~3.5 Myrs producing more than twenty extrusive volcanic 
centres and associated intrusive units (e.g., crypto domes and dykes) (e.g., Angelier et al., 1977; Fytikas et 
al., 1986; Stewart and McPhie, 2006; Zhou et al., 2021). This volcanic field provides an excellent laboratory 
for studying magmatic systems. The abundant volcanism on Milos allows the development of both a high-
resolution geochronological framework and new geochemical data. There are sufficient K-rich minerals 
found in all the MVF volcanic units, whereas only several samples were found containing zircons. 
Therefore, this thesis presents twenty-one new 40Ar/39Ar ages of all major volcanic units of the MVF to 
build up the high-resolution geochronology. The 40Ar/39Ar results can provide the best estimates of eruption 
ages which allows us to calculate the volumetric volcanic output rate. Combined with the volcanic output 
rate and eruption styles of the MVF, this thesis has used numerical models to estimate the magma flux and 
magma chamber growth rate, the crucial parameters of the magma production magma storage subsystems. 
For the assimilation of the magma storage subsystems, this thesis has analysed thirty-two samples collected 
from the extrusive and intrusive units of the MVF for major-trace elements and Sr-Nd-Pb-Hf isotope 
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compositions. The trace and isotopic elements can support us to track the magma genesis of the MVF and 
do the analysis of the fractional crystallization and magma mixing. With the help of the high-resolution 
geochronology, the tempo of magmatism underneath the MVF will be clearly shown. Based on the 
petrological observations and the high-resolution geochronological framework, the MVF volcanic units 
have been divided into four types of rocks to observe if there are different magmatic processes generating 
these four different types of rocks. For the magma transport mechanisms, this thesis used diffusion 
modelling of minerals to estimate the residence time-scales of silicic magmas stored in magma reservoirs 
and transported along dykes. These estimated time-scales based on minerals from the deep magmatic 
system underneath the MVF complete the high-resolution geochronological framework. See details of the 
in Chapter 5. 
 
Figure 1.2 The location of the Milos volcanic field of the South Aegean Volcanic Arc (SAVA). The Mid-
Cycladic lineament (red-dashed line) separates the western and eastern parts of the SAVA. The red 
triangles represent the volcanic fields (VF) of Susaki (west), Aegina-Poros-Methana (west); Milos (west-
central), Christiana-Santorini-Kolombo (central) and Kos-Nisyros-Yali (east). Black arrow represents the 




1.4 Previous work on Milos 
1.4.1 Geology and volcanology of Milos 
Milos is the south-westernmost island of the Cyclades group, located at the junction of the western 
and eastern parts of the South Aegean Volcanic Arc (SAVA) (Figure 1.2) (e.g., Pe-Piper and Piper, 2005). 
The SAVA formed in the eastern Mediterranean as a result of subduction of the African plate beneath the 
Aegean microplate (e.g., Nicholls, 1971; Rontogianni et al., 2011). The western part of the SAVA includes 
the volcanic fields of Susaki, Aegina-Poros-Methana and Milos. Christiana-Santorini-Kolombo volcanic 
fields are located in the central part of the SAVA, and Kos-Nisyros-Yali volcanic fields belong to the eastern 
part.  
Milos is the largest island of the Milos archipelago (Milos, Kimolos, Polyegos and Antimilos and 
many small islands), covering approximately 151 km2 and is mainly built up of volcanic rocks. Only in a 
small area on the south-eastern coast and middle part of Milos, there are outcrops of metamorphic rocks 
and sediments, respectively (Figure. 1.3). 
 
Figure 1.3 Simplified geological map of Milos with metamorphic basement, Neogene sedimentary rocks, 
Middle Pliocene-Quaternary volcanic rocks, "green lahar" and Quaternary sediments, modified after, 
Fytikas et al. (1986), Stewart and McPhie (2006) and Grasemann et al. (2018).  
The volcanic rocks mainly consist of massive pumiceous pyroclastic units, lavas and associated 
basaltic to dacitic intrusions (e.g., Stewart and McPhie, 2006; Zhou et al., 2021). Since Sonder (1924) 
provided the first geological map (1:75200 scale) and topographic maps of Milos, numerous works have 
been reported on the geology, volcanology, mineralogy and hydrothermal areas on the island. Fytikas 
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(1977a) produced a 1:25.000 geological map and interpreted the volcanic stratigraphy of the MVF in detail. 
Subsequently, Fytikas et al. (1986) further divided the volcanic succession of the MVF into five 
stratigraphic units. Based on these five units, Stewart (2003) described the detailed volcanic facies in his 
PhD thesis, and distinguished five main types of volcanoes forming in the submarine or subaerial 
environment. Stewart (2003) also provided eleven stratigraphic columns covering most of the major 
volcanic centres of Milos. Moreover, Campos Venuti and Rossi (1996) and Stewart and McPhie (2006) 
contributed important volcanological data, such as eruption volumes and eruption styles. Vougioukalakis 
et al. (2019) gave a comprehensive description of the SAVA volcanism, summarising the volcanic histories 
of the MVF and other nearby Volcanic Fields. 
 The pre-volcanic rocks of the MVF are metamorphic rocks partly overlain by Neogene sediments 
(Sonder, 1925). Fytikas et al. (1976) considered the metamorphic rocks as greenschist terrane containing 
levels of schists bearing glaucophane and lawsonite, and Fytikas (1977b) described "green lahars" as 
volcanic deposits that result from phreatic explosions and include fragments of this metamorphic basement. 
Kornprobst et al. (1979) subdivided the metamorphic rocks into three units: an eclogite unit, a glaucophane 
schist and a greenschist unit. The first two units formed under high pressure and last one unit formed at low 
pressure. Grasemann et al. (2018) provided abundant structural and petrological data for the metamorphism 
rocks on Milos and suggest that they belong to the Cycladic Blueschist Unit. This unit underwent blueschist 
metamorphism at ~8.5 Kbar and 400 °C. The eclogite pebbles in the "green lahars" are then derived from 
the Upper Cycladic Nappe forming at ~19.5 kbar and 550 °C. On top of Milos' metamorphic basement 
rocks, Neogene fossiliferous marine sediments were deposited as conglomerates, sandstones, dolomites and 
limestones. Van Hinsbergen et al. (2004) divided the sedimentary sequence into a lower unit A and upper 
unit B that is unconformably overlain by volcaniclastic sediments. Calvo et al. (2012) recognised four main 
sedimentary facies: laminated diatomaceous marlstone, massive sandy limestone, cross- stratified, 
brachiopod-rich sand, and wave rippled sandstone and siltstone. 
The volcanic, metamorphic and sedimentary rocks of the MVF have been extensively altered by 
hydrothermal fluids that are the part of a large geothermal system beneath Milos (e.g., Fytikas and Marinelli, 
1976; Fytikas et al., 1989). The geothermal system variably influenced the mineralisation of Milos island, 
especially in the western part. Gobantz (1892) first studied the silver minerals of Milos. In the following 
decades, many researchers continued to work on the ore deposits (e.g., silver-rich baryte and kaolinite) at 
Vani and Trides-Galana area in the west Milos (Voreadis and Mourabas, 1935; Marinos, 1955; Liatsikas, 
1955; Voreadis, 1956). In more recent studies mineralization is divided into three groups: Mn-Fe-Ba 
deposits (Capi Vani); sub-seafloor Pb-Zn-Ag deposits (Triadas-Galana) and epithermal Au-Ag deposits 
(e.g., Dando et al., 1995; Liakopoulos et al., 2001; Naden et al., 2005; Varnavas and Cronan, 2005; Alfieris, 
2006; Marschik et al., 2010; Alfieris et al., 2013; Wu et al., 2016; Ferrier et al., 2016; Papavassiliou et al., 
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2017). Intermediate-high sulfidation fluids mainly caused alteration of the volcanic rocks of the MVF and 
epithermal deposits are characterised by proximal silification and distal phyllic-argillic alteration. Wind et 
al. (2020) provided many trace metal elements and lead isotope data for the ore deposits, reflecting the 
complex interplay of distinct metal sources, including the Cycladic Basement, Cycladic Blueschist Unit, 
the metasomatised lithospheric mantle and leaching of the adjacent sedimentary host rocks. 
1.4.2 Geochemistry of Milos 
Milos' volcanic rocks display a typical calc-alkaline chemical character and vary from basaltic-
andesitic to rhyolitic in composition. Paraskevopoulos (1958) first measured major elements from ten 
volcanic rocks of Milos. Innocenti et al. (1981), Fytikas et al. (1986), Mitropolous et al. (1987), Mitropolous 
and Tarney (1992) and Stewart et al. (2003) further analysed the trace elements of the volcanic products, 
including all major volcanic units of the MVF, using the techniques of X-ray fluorescence (XRF), Atomic 
absorption spectroscopy (AAS), Neutron activation analysis (NAA), Instrumental Neutron activation 
analysis (INAA) and titration. Barton et al. (1983) and Briqueu et al. (1986) contributed Sr-Nd isotopes to 
track the magma sources of the MVF by using mass-spectrometer and isotopic dilution in combination with 
XRF. Barton et al. (1983) showed that the 87Sr/86Sr ratio is similar to those of basaltic andesites and 
andesites from Aegina and Methana and concluded that the assimilation of lower crustal material played a 
role in the parental magmas genesis of Milos. Briqueu et al. (1986) considered that the least differentiated 
lavas on Milos are the most contaminated based on their Sr-Nd isotopes signature. Arias et al. (2006) 
used Raman spectroscopy to systemically measure the obsidians' compositions from the areas of Bombarda-
Adhamas, Demenegaki and A. Ioannes. The positive correlation between these obsidians' dissolved water 
and mobile elements suggests that the composition of primary melt may have been partly modified during 
the obsidian bodies' emplacement. Francalanci and Zellmer (2019) gave a comprehensive overview of 
geochemical analysis of the magma genesis at the SAVA, including the Susaki VF, MVF, Santorini VF and 
Nisyros VF.  
The major-trace element data of metamorphic basement rocks was given by Hoffmann and Keller 
(1979), Kornprobst et al. (1979) and Grasemann et al. (2018). Hoffmann and Keller (1979) present the 
geochemical data for the metamorphic rocks deposited in the rhyolitic tephra of the Fyriplaka complex. The 
bulk metamorphic rocks' geochemical analyses reveal metabasaltic parent rocks with strongly modified 
chemical compositions. Kornprobst et al. (1979) and Grasemann et al. (2018) mainly used the metamorphic 
rocks' compositions to analyse the Milos metamorphic evolution by estimating the P-T conditions. Briqueu 
et al. (1986) offered the Sr-Nd isotope data for the eclogites and the glaucophane schists, found as xenoliths 
in Milos lavas. The Sr-Nd isotope data indicates a recent mixing of the eclogite on Milos, along with a 
material similar to the schists on Santorini.  
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1.4.3 Geochronology of Milos 
Until now, K-Ar age data form the main geochronological framework of the MVF. Fytikas et al. 
(1976) first reported four K-Ar ages for the MVF (0.48-1.47 Ma), and after one year Angelier et al. (1977) 
published six additional K-Ar eruption ages (0.95-2.50 Ma). Fytikas et al. (1986) reported twelve new K-
Ar ages extending the range of volcanic activity to a period of 0.09-3.50 Ma. Fytikas et al. (1986) also 
published three K-Ar ages for Antimilos (0.32 ± 0.05 Ma), Kimolos (3.34 ± 0.06 Ma) and Polyegos (2.34 
± 0.17 Ma). The K-Ar studies of Fytikas et al. (1976, 1986) and Angelier et al. (1977) constructed the main 
geochronological framework of the MVF. Although Matsuda et al. (1999) published two K-Ar ages of 0.8 
± 0.1 (MI-1) and 1.2 ± 0.1 Ma (MI-4) for the Plakes dome, Fytikas et al. (1986) already provided ages for 
the Plakes dome of 0.97 ± 0.06 Ma.  
 Geochronological data based on other methods are also available for Milos. Trainau and Dalabakis 
(1989) dated the very young phreatic deposits by 14C dating and found ages between 200 BC and 200 AD. 
Bigazzi and Radi (1981) published two fission-track ages of 1.54 ± 0.18 and 1.57 ± 0.15 Ma for obsidians 
of Bombarda-Adamas and Dhemeneghaki, respectively. Later fission track studies by Arias et al. (2006) 
(1.57 ± 0.12 and 1.60 ± 0.06 Ma) confirmed these ages. Stewart and McPhie (2006) published 4 SHRIMP 
U/Pb zircon ages: Triades dacite facies (1.44 ± 0.08 and 2.18 ± 0.09 Ma), Kalogeros crypto dome (2.70 ± 
0.04 Ma) and the Fylakopi Pumice Breccia (2.66 ± 0.07 Ma).  
 Metamorphism mainly occurred during the Paleocene-Eocene. Fytikas et al. (1976) obtain two K-
Ar ages of 64.2 and 33.2 Ma from the glaucophane of a blueschist of Milos and muscovite of a greenschist, 
respectively. Briqueu et al. (1986) provided an estimate of ~60 Ma for glaucophane of the blueschist by 
Rb/Sr isotope data. Kyriakopoulos (1998) gave Rb/Sr isotope ages of 31.9-38.9 Ma and K-Ar ages of 31.5-
32.5 Ma from muscovites obtained from boreholes in the Zefiria plain (Figure. 1.3). Grasemann et al. (2018) 
showed phengite 40Ar/39Ar ages of 43.4-46.0 Ma and 63.2-67.3 Ma for the same metamorphic rocks also 
dated by Fytikas et al. (1976) and Kyriakopoulos (1998), indicating the ages of middle Paleocene to middle 
Eocene deformation at high pressure on Milos. Grasemann et al. (2018) also gave zircon (U-Th)/He ages 
of 13.3-15.9 Ma, suggesting that the metamorphic rocks were exhumed during the middle Miocene.  
1.4.4 Petrology of Milos 
The Milos volcanic rocks are mainly porphyritic with a glassy groundmass. Fytikas et al. (1986) 
described that clinopyroxene, orthopyroxene, and plagioclase are the dominant minerals in the most mafic 
rocks. Hornblende, orthopyroxene and plagioclase are the most common phenocrysts in the andesites. 
Milos' felsic units are characterised by plagioclase and quartz phenocrysts (Fytikas et al., 1986). Biotites 
are only found in the andesites and rhyolites as minor phenocrysts. Fytikas et al. (1986) provided a 
compositional analysis of clinopyroxene (En41.7, Fs15.1, Wo43.2), orthopyroxene (En65.7, Fs31.6, Wo2.7) and 
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plagioclase (Or1. 0, Ab21.4, An77.6) for the old volcanic units (~4.0-2.6 Ma) from the south-western part of 
Milos island. Francalanci et al. (2007) gave the Mg# (Mg/(Mg+Fe) atom *100%) of clinopyroxene (62-85) 
and orthopyroxene (57-68), and anorthite percentage of plagioclase (An%=25-94) for the Kimolos and 
Polyegos islands.  
Milos' metamorphic rocks consist of graphite-rich quartz–albite–white-mica schists with variable 
amounts of calcite and chlorite. Hoffmann and Keller (1979), Kornprobst et al. (1979) and Grasemann et 
al. (2018) described the petrology of these metamorphic rocks in detail. The Neogene sedimentary group 
comprises distinctive brown to red limestone intercalated with the conglomerate, breccia, and sandstone, 
described by Van Hinsbergen et al. (2004) and Anastasakis and Piper (2005) in detail.  
1.5 Synopsis 
In addition to the introduction, this thesis includes four chapters that are written in the form of 
scientific papers. Chapter 2 is published in G-Chron. Chapters 3 and 4 are in review for resp. 
Geochemistry, Geophysics, Geosystems and Journal of Petrology, and Chapter 5 has been submitted to 
Contributions to Mineralogy and Petrology. Analytical techniques are described in the relevant chapters. 
Supplementary material contains the information of all geochemical analysis standards used in this thesis. 
The results of geochronological measurements are provided in the online data repository of the 
Geochronology journal. More geochemical and petrological raw data can be requested from the author. A 
brief outline of Chapters 2-6 is described below. 
Chapter 2: Eruptive history and 40Ar/39Ar geochronology of the Milos volcanic field, Greece 
Zhou, X., Kuiper, K., Wijbrans, J., Boehm, K., and Vroon, P. 
Geochronology Discussions, v. 2021, p. 1–40, doi:10.5194/gchron-2020-30. 
This chapter is the first step to build up a high-resolution geochronological framework for 
subduction magmatism. We used the 40Ar/39Ar analytical technique to obtain most eruption ages of all 
major volcanoes on Milos island. The uncertainty of these high-precision 40Ar/39Ar ages is five times 
smaller than that of the previous K-Ar, fission-track and SHRIMP U/Pb zircon ages for the Milos 
volcanic field, which supports the distinction of eleven volcanic units. We also measured the major 
element, crystallinity and vesicularity of these eleven volcanic units. Based on these data and literature 
data, each unit's eruption volume has been transferred into Dense Rock Equivalent (DRE). The high-
precision 40Ar/39Ar ages and DRE estimates allow us to calculate the volumetric volcanic output rate 




Chapter 3: The eruption frequency of long-lived felsic magmatic systems without super-eruptions: 
an example from the Milos volcanic field (Greece) 
Zhou, X., Kuiper, K., Wijbrans, J., and Vroon, P. 
Modified manuscript submitted to Geochemistry, Geophysics, Geosystems. 
This chapter combined the DRE data estimated from Chapter 2 with two numerical models using 
the high-resolution geochronological framework to understand the parameters controlling the eruption 
frequency. The Milos volcanic field has a long-lived (>3 Myr) volcanic history with no super-eruptions 
(e.g., caldera-forming eruptions). We have adjusted two published models of Caricchi et al. (2014) and 
Townsend et al. (2019) to fit Milos' long-lived magmatic system. These two adjusted models allow us to 
estimate the magma flux, magma chamber growth rate and other parameters related to the magmatic system. 
Based on the results of the two models, the time interval between each magma pulse into the subvolcanic 
reservoir, rates of magma supply (magma flux) and chamber growth rates are defined, the key parameters 
controlling the eruption frequency of the Milos volcanic field.  
Chapter 4: Complex modifications of primary magmas of the Milos Volcanic Field by crystal 
fractionation, crust assimilation and recharge: Evidence from petrography and radiogenic isotopes 
Zhou, X., Kuiper, K., Wijbrans, J., and Vroon, P. 
Modified manuscript will be submitted to Journal of Petrology. 
This chapter mainly reports Sr-Nd-Hf-Pb isotope data to track potential upper and lower crustal 
assimilation in the magmatic system. The MVF involved complex assimilation from marble, sediment, 
hydrothermal material, and lower and upper crust. Crystal fractionation and magma recharging also 
modified the primary magma composition of the MVF. The high-resolution geochronological framework 
is the key to understand the chronological order of these magmatic processes. The petrography of the 
volcanic rocks provides the evidence to distinguish which process (e.g., assimilation, crystal fractionation 
and magma recharging) affected these rocks and to what extent. Combined with classical and energy-
constrained AFC models, high-resolution geochronology, petrological observations, and radiogenic 
isotopes we conclude that resorption of olivine – clinopyroxene and mixing with mafic melt have an 
important influence on the magma composition underneath the MVF. 
Chapter 5: Time-scale of magma assembly for the oldest magmas of the Milos volcanic field (Greece). 
Zhou, X., Kuiper, K., Wijbrans, J., and Vroon, P. 
Modified manuscript will be submitted to Contributions to Mineralogy and Petrology. 
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In Chapter 2, the high-resolution geochronology only includes the eruption ages of volcanoes and 
emplacement ages of intrusions (e.g., crypto dome and dyke) for the MVF. The time-scales referring to 
other magmatic processes at depth is still unknown, especially in the deep crustal hot zone. This chapter 
focuses on the volcanic outputs produced from the deep crustal hot zone. We used the diffusion modelling 
on clinopyroxene, orthopyroxene and plagioclase to estimate the residence time-scales of the replenishment 
event tapping the magma in the deep crustal hot zone. These minerals are selected from the eruptive and 
intrusive (crypto dome and dyke) units, respectively. The ranges of the estimated residence time-scales are 
10-1000 years for the eruptive unit and crypto dome, and 0.1-100 years for the dyke.  
Chapter 6: Synthesis 
Zhou, X. 
This chapter will integrate all conclusions of Chapters 2-5 to present the complete magmatic history 
of Milos using high-resolution geochronology. The unsolved problems for the Milos volcanic filed and 
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Abstract. High-resolution geochronology is essential for determining the growth rate of 
volcanoes, which is one of the key factors for establishing the periodicity of volcanic eruptions. 
However, there are less high-resolution eruptive histories (>106 years) determined for long-lived 
submarine arc volcanic complexes than for subaerial complexes, since submarine volcanoes are 
far more difficult to observe than subaerial ones. In this study, high-resolution geochronology and 
major-element data are presented for Milos volcanic field (MVF) in the South Aegean Volcanic 
Arc, Greece. The MVF has been active for over 3 Myr, and the first two million years of its eruptive 
history occurred in a submarine setting that has been emerged above sea level. The long submarine 
volcanic history of the MVF makes it an excellent natural laboratory to study the growth rate of a 
long-lived submarine arc volcanic complex. This study reports twenty-one new high-precision 
40Ar/39Ar ages and major-element compositions for eleven volcanic units of the MVF. This allows 
us to divide the Milos volcanic history into at least three periods of different long-term volumetric 
volcanic output rate (Qe). Periods I (submarine, ~3.3-2.13 Ma) and III (subaerial, 1.48 Ma-present) 
have a low Qe of 0.9 ± 0.5×10-5 km3·yr-1 and 0.25 ± 0.05×10-5 km3·yr-1, respectively. Period II 
(submarine, 2.13 - 1.48 Ma) has a 3-12 times higher Qe of 3.0 ± 1.7×10-5 km3·yr-1. The Qe of the 
MVF is 2-3 orders of magnitude lower than the average for rhyolitic systems and continental arcs.  
2.1 Introduction 
Short-term eruptive histories and compositional variations in lavas and pyroclastic deposits 
of many arc volcanic fields are well established. However, high-resolution eruptive histories that 
extend back > 105-106 years have been determined only for a handful of long-lived subaerial arc 
volcanic complexes. Some examples are Mount Adams (Hildreth & Lanphere, 1994), Tatara–San 
Pedro (Singer et al., 1997), Santorini (T H Druitt et al., 1999), Montserrat (Cole et al., 2002), 
Mount Baker (Hildreth, Fierstein, & Lanphere, 2003), Katmai (Hildreth, Lanphere, & Fierstein, 
2003), and Ceboruco–San Pedro (Frey, Lange, Hall, & Delgado-Granados, 2004). To establish the 
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growth rate of volcanic complexes and disentangle the processes responsible for the eruption, 
fractionation, storage, and transport of magmas over time, comprehensive geological studies are 
required. These include detailed field mapping, sampling, high-resolution geochronology and 
geochemical analysis. Based on these integrated studies, the growth rate of volcanoes can be 
determined to establish the periodicity of effusive and explosive volcanism. 
 
Figure 2.1 Map of the South Aegean Volcanic Arc (SAVA). Red triangles indicate Volcanic Fields 
(VFs): the Susaki, Methana and Milos VFs in the western SAVA, Santorini VF in the centre and Nisyros 
VF in the eastern SAVA. Red contour lines show the depth to the Benioff zone (Hayes et al., 2018). The 
white arrow represents the GPS-determined plate velocity of the Aegean microplate relative to the 
African plate from Doglioni et al. (2002). 
The Milos Volcanic Field (MVF) is a long-lived volcanic complex that has been active for 
over 3 Myr. The MVF erupted for a significant part of its life below sea level, similar to the other 
well-studied volcanic structures in the eastern Mediterranean (Fytikas et al., 1986; Stewart and 
McPhie, 2006). The eruptive history of the MVF has been examined with a broad range of 
chronostratigraphic techniques such as K-Ar, U-Pb, fission track, 14C and biostratigraphy (e.g., 
Angelier et al., 1977, Fytikas et al., 1976, 1986, Traineau and Dalabakis, 1989, Matsuda et al., 
1999, Stewart and McPhie, 2006, Van Hinsbergen et al., 2004 and Calvo et al., 2012). However, 
most of the published ages have been measured using the less precise K-Ar or fission track 
methods, and modern, high-precision 40Ar/39Ar ages for the MVF have not been published so far. 
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In this study, (1) we provide high-precision 40Ar/39Ar geochronology of key volcanic units of the 
MVF and (2) refine the stratigraphic framework of the MVF with the new high-precision 40Ar/39Ar 
ages and major-element composition. (3) We also quantify and constrain the compositional and 
volumetric temporal evolution of volcanic products of the MVF. 
2.1.1 Geological setting  
The MVF is part of the South Aegean Volcanic Arc (SAVA), an arc which was formed in 
the eastern Mediterranean by subduction of the African plate beneath the Aegean microplate 
(Figure 2.1; Nicholls, 1971; Spakman et al., 1988; Duermeijer et al., 2000; Pe-Piper and Piper, 
2007; Rontogianni et al., 2011). The present-day Benioff zone is located approximately 90 km 
underneath Milos (Hayes et al., 2018a). The upper plate is influenced by extensional tectonics 
(e.g., McKenzie, 1978; Pe-Piper and Piper, 2013), which is evident on the island of Milos as horst 
and graben structures (Figure 2.2).  
The MVF is exposed on the islands of the Milos archipelago: Milos, Antimilos, Kimolos 
and Polyegos. The focus of this study is Milos which has a surface area of 151 km2. The geology 
and volcanology of Milos have been extensively studied in the last 100 years. The first geological 
map was produced by Sonder (1924). This work was extended by Fytikas et al. (1976) and Angelier 
et al. (1977) and the subsequent publications of Fytikas et al. (1986) and Fytikas (1989). 
Interpretations based on volcanic facies of the complete stratigraphy were made by Stewart and 
McPhie (2003, 2006). More detailed studies of single volcanic centres (e.g. Bombarda volcano 
and Fyriplaka complex) were published by Campos Venuti and Rossi (1996) and Rinaldi and 
Venuti (2003). Milos has also been extensively studied for its epithermal gold mineralization, 
summarized by Alfieris et al. (2013). Milos was known during the Neolithic period for its export 
of high-quality obsidian. Today the main export product is kaolinite mined from hydrothermally 
altered felsic volcanic units in the centre of the island (e.g., Alfieris et al., 2013). 
The geology of Milos can be divided into four main units: (1) metamorphic basement, (2) 
Neogene sedimentary rocks, (3) volcanic sequences and (4) the alluvial cover. The metamorphic 
basement crops out at the south-west, south and south-east of Milos (Figure 2.3) and is also found 
as clasts in many volcanic units. The metamorphic rocks include lawsonite-free jadeite eclogite, 
lawsonite eclogite, glaucophane schist, quartz-muscovite-chlorite and chlorite-amphibole schist 
(Fytikas et al., 1976, 1986; Grasemann et al., 2018; Kornprobst et al., 1979). The exposed units 
belong to the Cycladic Blueschist Unit (Lower Cycladic nappe), whereas eclogite pebbles in the 
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phreatic eruption products called “green lahar” by Fytikas (1977) are derived from the Upper 
Cycladic nappe (Grasemann et al., 2018). 
 
Figure 2.2 Distribution of the proximal and medial facies of the submarine pumice-cone/crypto-dome 
volcanoes, submarine, submarine-subaerial and subaerial domes and rhyolitic complexes (tuff cone and 
associated lava) of Milos, modified after Fytikas et al. (1986) and Stewart and McPhie (2006). The distal 
facies of Stewart and McPhie (2006) is not shown. 
On top of this metamorphic basement, Neogene fossiliferous marine sedimentary rocks 
were deposited (e.g., Van Hinsbergen et al. 2004). This sedimentary sequence can be divided into 
a lower unit A and upper unit B that is unconformably overlain by volcaniclastic sediments (Van 
Hinsbergen et al., 2004). Unit A is 80 m thick and consists of fluviatile-lacustrine, brackish and 
shallow marine conglomerate, sandstone, dolomite and limestone. Unit B is 25-60 m thick and 
consists of sandstone overlain by a succession of alternating marls and sapropels, suggesting a 
deeper marine setting (Van Hinsbergen et al., 2004). Five volcanic ash layers that contain biotite 
are found in this Neogene sedimentary sequence, either suggesting that volcanic eruptions in small 
volume already occurred in the Milos area or that these ash layers are derived from larger eruptions 
of volcanic centres further away from Milos (van Hinsbergen et al., 2004). Age determinations by 
bio-magneto- and cyclo-stratigraphy suggested that deposition of Unit A started at approximately 
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5 Ma, and that Milos subsided 900 m in 0.6 Ma (Van Hinsbergen et al. 2004) due to extension. 
This subsidence happened ca 1.0-1.5 Ma before the onset of the main phase of Pliocene- recent 
volcanism on Milos. 
The Pliocene-recent volcanic sequence of Milos has been subdivided into different units 
by Angelier et al. (1977) and Fytikas et al. (1986). In addition, Stewart and McPhie (2006) 
provided a detailed facies analysis of the different volcanic units. The subdivision by Angelier et 
al. (1977) is not constrained well due to their limited amount of age data. The subdivision of 
volcanic units by Fytikas et al. (1986) and facies descriptions of Stewart and McPhie (2006) are 
summarized below. It is important to note that according to Stewart and McPhie (2006), the five 
volcanic cycles described by Fytikas et al. (1986) are difficult to match with existing age data and 
the continuous progression in volcanic construction (Figure 2.4). For example, the first phase of 
Fytikas et al. (1986), the Basal Pyroclastic Series, contains the large pumice-cone/crypto-dome 
volcanoes according to Stewart and McPhie (2006). Two of these pumice-cone/crypto-dome 
volcanoes are much younger (1.7-1.8 Ma) and intercalated between the Complex of Domes and 
Lava Flows (CDLF) and Pyroclastic Series and Lava Domes (PSLD) reported by Fytikas et al. 
(1986). 
The first volcanic unit deposited in the Milos area is the Basal Pyroclastic Series (BPS) 
(Fytikas et al., 1986) or submarine felsic pumice-cone/crypto-dome volcanoes (Stewart and 
McPhie, 2006, Figure 2.2-2.4). This unit consists of thickly bedded pumice breccia with a 
rhyolitic-dacitic composition. These rhyolites-dacites are aphyric or contain quartz-
feldspar±biotite phenocrysts. Graded sandstone and bioturbated and fossil rich (in-situ bivalve 
shells) mudstone are intercalated, indicating a marine environment and a water depth of several 
hundreds of metres (e.g. Stewart, 2003; Stewart and McPhie, 2006), whereas later degassed 
magmas with a similar composition intruded as sills and crypto-domes. The BPS has been strongly 
affected by hydrothermal fluids, especially the proximal deposits (e.g., Kilias et al., 2001). 
The second volcanic unit was named the Complex of Domes and Lava Flows (Fytikas et 
al., 1986) and the volcanic facies of this unit are described as submarine dacitic and andesitic 
domes by Stewart and McPhie (2006). This phase of effusive submarine volcanism was 
predominantly andesitic and dacitic in composition and produced microcrystalline rocks with 
phenocrysts of pyroxene, amphibole, biotite and plagioclase. The eruption centres were mainly 
located along NNE faults and formed up to 300 m thick deposits extending over areas of 2.5 to 10 
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km2 around the eruption centres. In the north-eastern part of Milos, an andesitic scoria cone 
provided scoria lapilli and bombs to deeper water settings. Sandstone intercalated in the CDLF 
contains both igneous and metamorphic minerals suggesting input from the basement. Rounded 
pebbles of rhyolite and dacite indicate that some of the volcanic deposits were above sea level, or 
in very shallow, near-shore environments (e.g., Stewart and McPhie, 2006). 
 
Figure 2.3 Simplified geological map of Milos with our 40Ar/39Ar ages and sample locations of key 
volcanic deposits, modified after Stewart and McPhie (2006) and Grasemann et al. (2018). The 
stratigraphic units of Milos are from Fytikas et al. (1986). Age data from this study are in black, published 
ages are shown in red (Angelier et al., 1977, Fytikas et al., 1986, Traineau and Dalabakis, 1989, and 
Stewart and McPhie, 2006). The “green lahar” (Fytikas, 1977) consists of deposits from multiple phreatic 
explosions and contains fragments of metamorphic, sedimentary and volcanic rocks. 
The third volcanic unit , PSLD,  belongs to the submarine-to-subaerial dacitic and andesitic 
lava domes of Stewart and McPhie (2006). This highly variable group is dominated by rhyolitic, 
dacitic and andesitic lavas, domes, pyroclastic deposits and felsic pumiceous sediments (Stewart 
and McPhie, 2006). Thickness varies between 50-200 m, and the deposits are located in the eastern 




Table 2.1. Published eruption ages of stratigraphic units of the island of Milos  
Stratigraphy Sample  Mineral Location Petrology K2O (wt.%) Age (Ma) ± 1! Reference 
Unit IV Angelier_1 Unknown Fyriplaka Rhyolite - - - 
Angelier et al. 
(1977) 
Unit III Angelier_2 Unknown Halepa Rhyolite 2.44 0.95 0.06 
Unit II 
Angelier_3 Unknown Triades Dacite 1.47 1.71 0.08 
Angelier_4 Unknown Kleftiko Andesite 1.77 2.33 0.09 
Angelier_5 Unknown Kleftiko Andesite 1.45 2.50 0.09 
Unit I 
Angelier_6 Unknown Adamas Rhyolite 2.90 2.15 0.08 
Angelier_7 Unknown Dhemeneghaki Rhyolite 2.75 1.84 0.08 










M196 Unknown Fyriplaka Rhyolite 2.9 0.09 0.02 
Fytikas et al. 
(1976, 1986) 
M194 Unknown Fyriplaka Rhyolite 2.85 0.14 0.03 
M168 Unknown Trachilas Rhyolite 3.91 0.37 0.09 





Obsidian 2.53 0.88 0.18 
Fytikas et al. 
(1976, 1986) 
M27 Unknown Plakes Dacite 1.87 0.97 0.06 
M-OB2 Groundmass Bombarda Obsidian 2.73 1.47 0.05 
M103 Unknown near Pollonia Andesite 1.87 1.59 0.25 
M146 Unknown 
1km NW of 
Adamas  
Rhyolite 3.09 1.71 0.05 
M110 Unknown Sarakiniko Dacite 2.57 1.85 0.10 
MI-1 Lava Plakes Dacite 2.07 0.80 0.10 Matsuda et al. 
(1999) MI-4 Lava Plakes Dacite 2.32 1.20 0.10 
MIL130 Zircon Triades Dacite - 1.44 0.08 
Stewart and 
McPhie (2006) 
Fission track1 Groundmass Adamas Obsidian - 1.54 0.18 Bigazzi and Radi 
(1981) Fission track2 Groundmass Bombarda Obsidian - 1.57 0.15 
Fission track3 Groundmass 
Bombarda-
Adamas 
Obsidian - 1.57 0.12 
Arias et al. (2006) 
Fission track3 Groundmass Dhemeneghaki Obsidian - 1.60 0.06 
CDLF M1 Unknown 
Aghios, near 
Triades 
Rhyolite 3.32 2.04 0.09 





~1 km NW of 
Adamas  




Dacite 2.84 2.38 0.10 




MIL365 Zircon Filakopi Rhyolite - 2.66 0.07 
Stewart and 
McPhie (2006) MIL343 Zircon 
Kalogeros crypto-
dome 
Dacite - 2.70 0.04 
M164 Unknown Kleftiko Rhyolite 2.84 3.08 0.08 Fytikas et al. 
(1976, 1986) M163 Unknown Kleftiko Andesite 1.18 3.50 0.14 
Angelier et al. (1977) do not provide sample names, only numbers for the sample locations. Here the location is given after 
“Angelier_” (Angelier et al. 1977, their Figure 2.3). Abbreviations: BPS=Basal pyroclastic series; CDLF=Complex of domes and 
lava flows; PSLD=Pyroclastic series and lava domes; CTF=Complexes of Trachilas and Fyriplaka. See more details in Figure. 2.4. 
 
of Milos (Figure 2.2 and 2.3). The initial pyroclastic layers were subaqueously deposited and the 
extrusion of a dome resulted in the deposition of talus around the margins by mass flow.  
On top of the dome sand- and siltstone with fossils (Ostrea fossil assemblage) and traction-
current structures suggest that the top of the dome was above wave base. The youngest deposits of 
this unit are dacitic and andesitic lavas and domes. These domes generated subaerial block-and-
ash flow and surge deposits. Paleosols within these deposits are a clear indicator that some areas 
were above sea level. The last unit of the PSLD is represented by large subaerial rhyolitic lava that 
contains quartz and biotite phenocrysts and is found near Halepa in the south-central part of Milos. 
The fourth unit consists of the subaerially constructed rhyolitic complexes of Trachilas and 
Fyriplaka (CTF) (Fytikas et al., 1986), which Stewart and McPhie (2006) interpreted as subaerial 
rhyolitic lava-pumice cones. These two volcanic complexes are built from rhyolitic pumice 
deposits and lavas that contain quartz and biotite phenocrysts (10-20 modal %). The deposits have 
a maximum thickness of 120 m and decrease to several metres’ thickness in the distal parts. 
Basement-derived schist is found as lithic clasts (Fytikas et al., 1986). In addition, the Kalamos 
rhyolitic lava dome, which outcrops on the southern coast of Milos, produced lava that spread 
westwards to the Fyriplaka beach (Figure 2.2). This lava belongs to this fourth phase and is 





Figure 2.4 Previous proposed stratigraphic frameworks for Milos by Angelier et al. (1977), Fytikas et al. 
(1986) and Stewart and McPhie (2006). Volcanic unit II of Angelier et al. (1977) contains unit I. Stewart 
and McPhie (2006) described the volcanic facies of Milos mainly based on the geochronological works of 
Angelier et al. (1977) and Fytikas et al. (1986). Abbreviation: SFCPCV - submarine felsic pumice-
cone/crypto-dome volcanoes. 
The fifth volcanic unit comprises deposits from phreatic activity, especially in the northern 
part of the Zefiria Graben and near Agia Kiriaki (Figure 2 of Stewart and McPhie, 2006). Many 
overlapping craters are surrounded by lithic breccias that are composed of variably altered 
metamorphic basement clasts and volcanic clasts. This phreatic activity has continued into historic 
times (Trainau and Dalabakis, 1989). Fytikas et al. (1986) referred to this unit as “green lahar”, 




2.1.2 Previous geochronological studies 
Previous geochronological work is summarised in Table 2.1. Angelier et al. (1977) reported 
six K-Ar ages (0.95-2.50 Ma). These ages were used in combination with field observations to 
divide the Milos volcanic succession into four units. However, the samples from Fyriplaka, the 
fourth unit, were too young to be dated by Angelier et al. (1977). Fytikas et al. (1976, 1986) 
published 16 K-Ar ages for Milos (0.09-3.50 Ma) including an age of 0.09-0.14 Ma for the 
Fyriplaka complex. Fytikas et al. (1986) also obtained 3 K-Ar ages for Antimilos (0.32 ± 0.05 Ma), 
Kimolos (3.34 ± 0.06 Ma) and Polyegos (2.34 ± 0.17 Ma). Trainau and Dalabakis (1989) dated the 
very young phreatic deposits by 14C dating and found ages between 200 BCE and 200 CE. Matsuda 
et al. (1999) published two K-Ar ages of 0.8 ± 0.1 (MI-1) and 1.2 ± 0.1 Ma (MI-4) for the Plakes 
dome that was also studied by Fytikas et al. (1986). Bigazzi and Radi (1981) published two fission 
track ages of 1.54 ± 0.18 and 1.57 ± 0.15 Ma for obsidians of Bombarda-Adamas and 
Dhemeneghaki, respectively. Later fission track studies by Arias et al. (2006) (1.57 ± 0.12 and 
1.60 ± 0.06 Ma) confirmed these ages. The fission track ages are younger than the K-Ar ages given 
by Angelier et al. (1977; 1.84 ± 0.08 Ma for Dhemeneghaki) and Fytikas et al. (1986; 1.71 ± 0.05 
Ma for Bombarda). In the most recent geochronological study of the MVF, Stewart and McPhie 
(2006) published four SHRIMP U/Pb zircon ages: Triades dacite facies (1.44 ± 0.08 and 2.18 ± 
0.09 Ma), Kalogeros crypto-dome (2.70 ± 0.04 Ma) and the Fylakopi Pumice Breccia (2.66 ± 0.07 
Ma). All uncertainties reported here are one standard deviation uncertainties as reported in the 
original publications, except for the 14C ages for which uncertainties were not specified. 
The previous geochronological work for the MVF is mainly based on K-Ar ages. However, 
K-Ar ages may show undesirable and unresolvable scatter due to various problems: (1) inaccurate 
determination of radiogenic argon due to either incorporation of excess argon or incomplete 
degassing of argon during the experiments; (2) inclusion of cumulate or wall rock phenocrysts in 
bulk analyses; (3) disturbance of a variety of geological processes such as slow cooling or thermal 
reheating; (4) unrecognized heterogeneities due to separate measurements of potassium and argon 
content by different methods; (5) requirement of relatively large quantities (milligrams) of pure 
sample (e.g. Lee, 2015). In addition to these methodological issues, in the case of Milos we observe 
that hydrothermal alteration caused substantial kaolinitization, in particular of the felsic volcanic 
samples, that most likely has affected the K-Ar systematics. Some of these issues are also valid for 
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the 40Ar/39Ar method. However, the K-Ar method does not allow testing whether ages are 
compromised. 
40Ar/39Ar ages only need isotopes of argon to be measured from a single aliquot of sample 
with the same equipment which can eliminate some of the problems with sample inhomogeneity. 
Furthermore, step heating and multiple single-fusion experiments can shed light on sample 
inhomogeneity due to partial alteration effects. The high sensitivity of modern noble gas mass 
spectrometers for 40Ar/39Ar measurements results in very small sample amounts needed for 
analysis, that can yield more information on the thermal or alteration histories than larger samples. 
Moreover, other argon isotopes (36Ar, 37Ar and 38Ar) can be used to infer some information about 
the chemical compositions (i.e., Ca and Cl) of samples. A high-resolution laser incremental heating 
method of 40Ar/39Ar dating allows us to resolve the admixture of phenocryst-hosted inherited 40Ar 
in the final temperature steps of the incremental-step heating experiments. 
2.2 Methods 
2.2.1 Mineral separation and sample preparation 
Samples were collected from all major volcanic units on Milos island based on the studies of 
Fytikas et al. (1986), Stewart and McPhie (2006), and our own observations in the field. Photos 
of the sample locations and thin sections can be found in https://doi.org/10.5194/gchron-3-273-
2021-supplement. Approximately 2 kg of fresh pumice clasts or lava was sampled from each 
unit. Samples were cut into ~5 cm3 cubes using a diamond saw to remove potentially altered 
surfaces and obtain the fresh interior parts. These cubes were ultra-sonicated for 30 minutes in 
demi-water to remove dust and seawater and dried in an oven overnight at 50 °C. Dry sample 
cubes were crushed in a steel jaw crusher, and this fraction was split into two portions of roughly 
equal size. One of them was powdered in an agate shatter box and agate ball mill to a grain size 
of less than 2 µm for the major-element analysis. The second fraction was sieved to obtain a 
grain size of 250-500 µm for 40Ar/39Ar dating. 
Heavy-liquid density separation techniques (IJlst, 1973) were used to purify mineral 
separates (groundmass, biotite, amphibole) required for the 40Ar/39Ar dating. Different densities of 
heavy liquids were used to obtain groundmass (2700≤ρ≤3000 kg.m-3), biotite (2900≤ρ≤3100 
kg.m-3) and amphibole (~3100≤ ρ ≤3200 kg.m-3). A Franz isodynamic magnetic separator was 
used to remove the magnetic minerals from the non-magnetic minerals and groundmass. The 
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samples for 40Ar/39Ar analysis were purified by handpicking under a binocular optical microscope 
to select mineral grains without visible alteration and inclusions. 
2.2.2 40Ar/39Ar dating 
The mineral and groundmass samples were wrapped in either 6- or 9-mm aluminium foil 
and packed in 20 mm aluminium cups, which were vertically stacked. Based on stratigraphy and 
previous geochronological constraints >1 Ma samples and the <1 Ma samples were irradiated for 
7 and 1 hours respectively in irradiation batches VU108 and VU110 in the Cadmium-Lined In-
Core Irradiation Tube (CLICIT) facility of the Oregon State University Training Research, 
Isotopes, General Atomics (TRIGA) reactor. The neutron flux for all irradiations was monitored 
by standard bracketing using the Drachenfels sanidine (DRA; 25.52 ± 0.08 Ma, modified from 
Wijbrans et al., 1995 and calibrated relative to Kuiper et al., 2008) and Fish Canyon Tuff sanidine 
(FCs; 28.201 ± 0.023 Ma, Kuiper et al., 2008) with Min et al. (2000) decay constants. 
In total, 24 samples (8 groundmasses, 15 biotites and 2 amphiboles, for sample G15M0026 
both biotite and amphibole were analysed) were measured by either 40Ar/39Ar fusion and/or 
incremental heating techniques. For incremental heating experiments, 80-100 grains per sample 
were loaded into a 25-hole (surface per hole ~36 mm2) copper tray together with single-grain 
standards in ~12 mm2 holes. The tray was prebaked in a vacuum (10-5-10-6 mbar) at 250 °C 
overnight to remove atmospheric argon and subsequently baked overnight at 120 °C in the ultra-
high vacuum sample chamber (<5×10-9 mbar) and purification system connected to a Thermo 
Scientific Helix MC mass spectrometer.  
Samples and standards were heated with a focused laser beam at 8 % power using a 50W 
CW CO2 laser. The released gas was cleaned by exposure to a cold trap cooled by a Lauda cooler 
at -70 °C, a SAES NP10 at 400 °C, a Ti sponge at 500 °C and cold SAES ST172 Fe-V-Zr sintered 
metal. The five isotopes of argon were measured simultaneously on five different collectors: 40Ar 
on the H2-Faraday, 39Ar on the H1-Faraday or the H1-CDD, 38Ar on the AX-CDD, 37Ar on the 
L1-CDD and 36Ar on the L2-CDD for 15 cycles with 33 seconds integration time (CDD: compact 
discrete dynodes; AX: axial; H: high-mass side; L: low-mass side). The Faraday cups on H2 and 
H1 were equipped with 1013 Ω amplifiers. Procedural blanks were measured every two or three 
analyses in different sequences, and air shots were measured every 8-12 hours to correct the 
instrumental mass discrimination. The gain between different collectors was monitored by 
measuring CO2 on mass 44 in dynamic mode on all collectors. Gain was generally stable over 
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periods of weeks. Note that because samples, standards and air calibration runs are measured 
during the same period, gain correction does not substantially change the final age results. The raw 
mass spectrometer data output was converted by an Excel macro script designed in-house to be 
compatible with the ArArCalc 2.5 data reduction software (Koppers, 2002). The 40Ar/36Ar 
atmospheric air value of 298.56 from Lee et al. (2006) is used in the calculations. The correction 
factors for neutron interference reactions are (2.64 ± 0.02) x10-4 for (36Ar/37Ar)Ca , (6.73 ± 0.04) 
x10-4 for (39Ar/37Ar)Ca, (1.21 ± 0.003) x10-2 for (38Ar/39Ar)K and (8.6 ± 0.7) x10-4 for (40Ar/39Ar)K. 
All uncertainties are quoted at the 1σ level and include all analytical errors (i.e. blank, mass 
discrimination and neutron interference correction and analytical error in J-factor, the parameter 
associated with the irradiation process).  
A reliable plateau age is defined as experiments with at least three consecutive steps 
overlapping at 2-sigma, containing >50% of the 39ArK, with a mean square weighted deviate 
(MSWD) value <2.5 and with an 40Ar/36Ar inverse isochron intercept that does not deviate from 
atmospheric argon at 2-sigma. All the inverse isochron ages used the same steps as used in the 
weighted mean ages, and all relevant analytical data for the age calculations following standard 
practices (Schaen et al., 2020) can be found in https://gchron.copernicus.org/preprints/gchron-
2020-30/. 
2.2.3 Whole-rock major-element analysis by XRF 
Major-element concentrations were measured by X-ray fluorescence spectroscopy (XRF) 
on a Panalytical AxiosMax. A Panalytical Eagon2 was used to create 40mm fused glass beads of 
Li2B4O7/LiBO2 (65.5:33.5%, Johnson & Johnson Spectroflux 110) with a 1:6 sample-flux ratio 
that were melted at 1150 °C. Sample powders were ignited at 1000 °C for 2 hours to determine 
loss on ignition (LOI) before being mixed with the Li2B4O7/LiBO2 flux. Interference-corrected 
spectra intensities were converted to oxide-concentrations against a calibration curve consisting of 
30 international standards. The precision, expressed as the coefficient of variation (CV), is better 
than 0.5%. The accuracy, as measured on the international standards AGV-2, BHVO-2, BCR-2 
and GSP-2, was better than 0.7% (1 RSD). 
2.2.4 Eruption volume calculation 
The minimum and/or maximum eruption volume of each volcano during each eruption 
period is derived from the ranges of thickness and surface areas that are reported in Campos and 
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Rossi (1996) and Stewart and McPhie (2006). We converted these volumes to dense rock 
equivalent (DRE) based on the magma type of different deposits. This analysis only includes the 
onshore deposits and results in a smaller estimate for larger pyroclastic volumes. The DRE volume 




Tephra density is assumed to be 1000 kg/m3 (Crosweller et al., 2012). Magma density 
varies depending on the magma type. Here we used 2300 kg/m3 for rocks with a SiO2 range of 65-
77 wt.% and 2500 kg/m3 for all samples with SiO2 < 65 wt.%. DRE corresponds to the 
unvesiculated erupted magma volume. Therefore, we did not convert the volume of some crypto-
dome and lavas from Profitis Illias (G15M0017), Triades (G15M0021-24), Dhemeneghaki 
(G15M0032B) and Halepa (G15M0013) to the DRE since they contain less than 5% vesicles.  
2.3 Results 
2.3.1 40Ar/39Ar age results 
In this section, we present our groundmass, biotite and amphibole 40Ar/39Ar results for 11 
volcanic units of Milos. The 40Ar/39Ar ages range from 0.06 to 4.10 Ma and cover most of the 
major volcanic units of Milos. Table 2.2 and 2.3 show the 40Ar/39Ar results of incremental heating 
steps and single-grain fusion analyses, respectively. Note that the Irr-ID column in these two tables 
represents the irradiation ID of the analytical experiment (e.g. VU108-, VU110-) and the top right 
superscripts (G, B, A, O) in the sample IDs (e.g., G15M0029G, G15M0021B) refer to groundmass, 
biotite, amphibole and obsidian. 
2.3.1.1 Groundmass 40Ar/39Ar plateau and/or isochron ages 
All groundmass samples yielding 40Ar/39Ar plateau and isochron ages with more than 50% 
39ArK and less than 2.5 MSWD included in their age spectrum are shown in Figure 2.4 and reported 
in Table 2.2. The 40Ar/36Ar isochron intercepts do not deviate from atmospheric argon at the 2-
sigma level, unless stated otherwise (Table 2.3). Sample G15M0016 was collected from a dyke at 
Kleftiko in the south-west of Milos (Figure 2.2). Three incremental heating experiments were 
performed on the groundmass of this sample (Figure 2.5A). The first experiment (VU108-Z8a) 
produced a weighted mean age of 2.71 ± 0.02 Ma (MSWD 2.31; 39ArK 79.6%; inverse isochron 
age 2.65 ± 0.10 Ma). The other two, VU108-Z8a_4 and VU108-Z8b_1, have plateau ages of 2.61 
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± 0.03 Ma (MSWD 0.93; 39ArK 57.4%; inverse isochron age 2.69 ± 0.10 Ma) and 2.67 ± 0.01 Ma 
(MSWD 1.50; 39ArK 65.57%; inverse isochron age 2.55 ± 0.05 Ma), respectively. The three 
experiments are remarkably similar. Although the amount of radiogenic 40Ar is low (<20%), a 
combined age of 2.66 ± 0.01 Ma is considered to be the best estimate with a relatively high MSWD 
value (2.51). 
 
Figure 2.5 Groundmass 40Ar/39Ar plateau ages for samples G15M0016 (A), G15M0032B (B), 
G15M0019 (C) and G15M0020 (D). The Mavro Vouni dome (A), Dhemeneghaki volcano (B) and 
Kontaro dacitic dome (C, D) are located in respectively the south-western, north-eastern and eastern parts 
of MVF (see Figure 2.2). Final age calculation is reported with 1σ errors. See the individual steps of 
samples G15M0016, G15M0019 and G15M0029 in https://doi.org/10.5194/gchron-3-273-2021-
supplement.  
Two lava samples, G15M0019 and G15M0020, were collected from Kontaro in north-
eastern Milos (Figure 2.2). Three replicate incremental heating step experiments on groundmass 
from sample G15M0019 (VU108-Z6a_4; VU108-Z6a_5 and VU108-Z6b_1, Figure 2.5B) were 
performed that are not reproducible. Their plateau ages range from 1.55 Ma to 1.62 Ma with 
relatively high MSWD (3.8-4.5), 56-95% of the total 39ArK, 34-53% of radiogenic 40Ar, 0.88-
1.02 of K/Ca and an atmospheric isochron intercept of 297-315. We consider the isochron age 
from the last experiment (VU108-Z6b_1) as the reliable age (1.48 ± 0.02 Ma, MSWD 0.44) 
because its MSWD value is the only one smaller than 2.5 in this experiment, and therefore the 
best estimate for the eruption age. Three replicate incremental heating step experiments on 
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groundmass from sample G15M0020 (VU108-Z5a_5; VU108-Z5b_1 and VU108-Z5b_2, Figure 
2.5C) were analysed. These experiments are similar at the lower-temperature heating steps. They 
produced statistically meaningful plateau ages ranging from 1.52-1.56 Ma with 41-62% of the 
total 39ArK, 18-48% of radiogenic 40Ar, 1.51-1.73 of K/Ca and an atmospheric isochron intercept 
of 295-300. Their combined weighted mean age is 1.54 ± 0.01 Ma (MSWD 3.06; 39ArK 57.32%) 
with 25.31% of 40Ar*. 
Sample G15M0032B (obsidian) was collected from a pumice-cone volcano at 
Dhemeneghaki (Figure 2.2). One incremental heating experiment on this sample (VU108-Z18, 
Figure 2.5D) yielded a plateau age of 1.825 ± 0.002 Ma (MSWD 0.91; 39ArK 98.6%). The 40Ar* 
is 93.86%. The inverse isochron age is identical to the weighted mean plateau age of 1.825 ± 0.002 
Ma. The age of 1.825 ± 0.002 Ma is considered the best estimate for the eruption age of the 
Dhemeneghaki obsidian. 
2.3.1.2 Groundmass 40Ar/39Ar plateau and/or isochron ages (25-40% 39ArK released) 
The results shown in Figure 2.5 did not yield weighted mean plateau ages according to 
standard criteria including 39ArK > 50% but still provide some useful age information. Sample 
G15M0017 was collected from a crypto-dome of the Profitis Illias volcano in south-western Milos 
(Figure 2.2). Three replicate incremental heating experiments, VU108-Z7a, VU108-Z7a_4 and 
VU108-Z7b_1 were performed on this sample which resulted in disturbed age spectra (Figure 
2.6A). The consecutive lower-temperature steps of all experiments define ages of <2.5 Ma, which 
is much younger than the ages of the submarine pyroclastic products of the lower series at Kleftiko 
and/or Profitis Illias (3.0-3.5 Ma, Fytikas et al., 1986 and Stewart and McPhie, 2006). At the 
consecutive higher-temperature heating steps, these experiments yielded 3.64 ± 0.08 Ma (40Ar/36Ar 
293.87 ± 4.77; VU108-Z7a), 4.10 ± 0.06 Ma (40Ar/36Ar 298.44 ± 15.51; VU108-Z7a_4) and 3.41 
± 0.05 Ma (40Ar/36Ar 295.97 ± 7.34; VU108-Z7b_1). The total fusion and inverse isochron ages 
of the three experiments gave large ranges of 2.25-3.23 and 3.68-4.14 Ma, respectively, and none 
of these high temperature heating steps produced a statistical plateau (all MSWD > 2.0). The 
amount of radiogenic 40Ar of both the 40Ar/39Ar result from our sample and the K-Ar age data from 
previous studies (Fytikas et al., 1986) is rather low (<15%) for a sample of this age based on our 
laboratory experience. Therefore, the estimated age range for the oldest volcanic products of the 
MVF should be confirmed by other dating techniques.
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Table 2.2. Incremental heating 40Ar/39Ar results of the Milos volcanic field. 





















0.05 ± 0.01 0.04 16.24 3/15 1.20 60.9 ± 10.6 0.05 ± 0.10 298.08 ± 8.77 0.08 
VU110-Z22b 0.062 ± 0.003 0.91 71.81 8/11 2.69 57.3 ± 8.4 0.06 ± 0.02 299.39 ± 3.66 1.09 





0.05 ± 0.01 3.09 38.89 3/11 2.89 40.0 ± 6.0 0.14 ± 0.03 285.98 ± 4.76 0.07 
VU110-Z24b 0.09 ± 0.02 8.16 48.04 4/11 4.59 30.1 ± 7.1 0.09 ± 0.05 297.46 ± 10.29 12.78 





0.11 ± 0.02 1.37 18.33 4/12 1.65 45.4 ± 7.3 0.76 ± 0.30 268.52 ± 17.08 0.90 
VU110-Z23b 0.11 ± 0.03 6.77 41.05 4/11 3.13 19.4 ± 3.7 0.29 ± 0.14 285.17 ± 15.80 8.09 







0.30 ± 0.01 4.61 56.50 8/16 14.51 38.3 ± 2.4 0.28 ± 0.05 301.42 ± 9.01 5.47 
VU110-Z12b 0.317 ± 0.004 1.29 74.05 4/11 18.30 32.0 ± 2.5 0.31 ± 0.03 299.52 ± 6.40 2.04 






1.52 ± 0.01 1.06 61.82 8/12 18.30 1.51 ± 0.05 1.49 ± 0.02 300.03 ± 0.86 0.95 
VU108-Z5b_1 1.56 ± 0.01 1.94 41.54 3/10 47.94 1.73 ± 0.06 1.58 ± 0.02 294.97 ± 3.74 2.17 
VU108-Z5b_2 1.52 ± 0.01 1.73 62.45 5/10 22.95 1.56 ± 0.08 1.53 ± 0.02 298.12 ± 0.89 2.34 





1.62 ± 0.01 3.80 89.75 9/11 34.28 0.91 ± 0.05 1.62 ± 0.02 297.66 ± 1.36 4.40 
VU108-Z6a_5 1.55 ± 0.01 4.50 95.41 10/12 35.26 0.88 ± 0.06 1.55 ± 0.01 298.73 ± 1.29 5.40 
VU108-Z6b_1 1.56 ± 0.01 4.05 56.64 4/10 53.19 1.02 ± 0.01 1.48 ± 0.02 315.46 ± 5.20 0.44 












1.97 ± 0.01 1.66 63.83  4/12 54.72 107.55 ± 20.64 1.97 ± 0.03 299.16 ± 5.36  2.56 
VU110-Z4_2b 2.01 ± 0.01 6.76 75.39 6/16 57.84 54.43 ± 8.29 2.04 ± 0.05 293.08 ± 10.44 8.15 







2.99 ± 0.11 1.00 87.31 4/12 16.36 0.030 ± 0.002 7.89 ± 2.46 202.39 ± 48.47 0.01 
VU108-Z10_2 2.86 ± 0.09 1.50 86.18 7/11 17.58 0.029 ± 0.002 0.70 ± 0.29 348.91 ± 27.33 1.00 
Combined (Z10) 2.90 ± 0.07 1.31 86.74 11/23 17.13 0.029 ± 0.001 1.95 ± 0.45 319.51 ± 14.70 1.17 







2.71 ± 0.02 2.31 79.64 8/12 16.57 0.24 ± 0.05 2.65 ± 0.10 299.84 ± 2.32 2.92 
VU108-Z8a_4 2.61 ± 0.03 0.93 57.41 7/12 16.86 0.12 ± 0.07 2.69 ± 0.10 296.44 ± 2.49 0.69 
VU108-Z8b_1 2.67 ± 0.01 1.50 65.57 7/11 17.25 0.11 ± 0.04 2.55 ± 0.05 301.53 ± 1.14 0.71 
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Combined (Z8) 2.66 ± 0.01 2.51 67.27 22/35 16.87 0.14 ± 0.02 2.61 ± 0.05 300.01 ± 1.18 2.78 




2.67 ± 0.01 0.96 23.61 4/13 56.34 0.53 ± 0.05 2.68 ± 0.02 296.64 ± 3.18 1.25 
VU108-Z16b_1 2.69 ± 0.01 1.32 27.08 3/13 55.78 0.55 ± 0.04 2.67 ± 0.03 301.16 ± 4.72 2.13 
Combined (Z16) 2.68 ± 0.01 1.66 25.30 7/26 56.10 0.54 ± 0.03 2.67 ± 0.02 300.00 ± 2.94  1.98 
Coherent dacite 






3.12 ± 0.02 9.07 43.07 3/12 42.73 1.31 ± 0.05 3.06 ± 0.02 304.19 ± 1.25 0.01 
VU108-Z9b_1 2.98 ± 0.02 4.53 27.00 4/14 39.35 0.98 ± 0.06 3.04 ± 0.02 293.83 ± 1.38 1.14 
Combined (Z9) 2.99 ± 0.02 5.54 22.79 6/26 41.77 1.00 ± 0.04 3.06 ± 0.02 292.77 ± 1.62 1.90 
Coherent dacite 






3.64 ± 0.08 3.13 28.62 7/13 9.77 1.04 ± 0.02 4.14 ± 0.49 293.87 ± 4.77 3.44 
VU108-Z7a_4 4.10 ± 0.06 2.13 34.71 6/17 9.08 1.10 ± 0.01 4.11 ± 1.40 298.44 ± 15.51 3.24 
VU108-Z7b_1 3.41 ± 0.05 3.95 31.41 5/13 9.95 1.00 ± 0.03 3.68 ± 0.71 295.97 ± 7.34 7.09 
Combined (Z7) 3.63 ± 0.08 14.04 31.40 18/43 9.59 1.04 ± 0.02 2.19 ± 0.32 311.31 ± 3.60 10.19 
The age in bold is considered as the best estimate of the eruptive age. 
The 40Ar* (%) is the average radiogenic 40Ar of the analyses included in the weighted mean. 
The experiment was analyzed on biotiteB, obsidianO, amphiboleA and groundmassG of a sample. 




Table 2.3. 40Ar/39Ar results of single-grain fusion analyses on the Milos volcanic field. 
Volcanic unit Sample-ID Irr-ID Location Age ± 1σ (Ma) MSWD 39ArK (%) 
n/ 
ntotal 
40Ar* (%) K/Ca ± 1σ 
Inverse 
isochron 
 age (Ma) 





0.71 ± 0.06 0.41 25.78 8/23 8.67 17.5 ± 1.8 0.64 ± 0.20 302.75 ± 12.62 0.46 
G15M0012B VU110-Z24 36.6795 N 
24.4828 E 
1.12 ± 0.11 2.26 60.49 14/23 7.32 14.9 ± 0.8 0.26 ± 0.07 316.75 ± 19.49 2.29 
G15M0009B VU110-Z23 
36.6716 N 
24.4891 E 0.65 ± 0.07 1.16 79.91 19/23 5.87 12.0 ± 0.5 0.28 ± 0.07 309.57 ± 16.01 1.22 
Trachilas complex G15M0007B VU110-Z12 
36.7671 N 
24.4124 E 
0.47 ± 0.05 0.75 72.65 15/22 9.09 14.8 ± 0.5 0.55 ± 0.12 293.95 ± 11.30 0.80 
Kalamos lava G15M0033B VU108-Z19 36.6662 N 
24.4652 E 








0.63 ± 0.02 1.26 73.43 6/9 4.87 17.7 ± 1.1 0.77 ± 0.13 294.99 ± 3.17 1.42 
Halepa lava dome G15M0013B VU108-Z13 36.6716 N 
24.4406 E 
1.04 ± 0.01 1.62 82.40 9/10 26.30 *15.2 ± 0.2 1.02 ± 0.04 299.77 ± 4.06 0.00 
Triades lava dome 
G15M0021B VU110-Z4 
36.7402 N 
24.3397 E 2.48 ± 0.04 1.49 87.08 4/12 36.09 13.00± 0.60 3.44 ± 0.46 228.58 ± 36.66 1.39 
G15M0022B VU108-Z14 
36.7402 N 
24.3397 E 2.10 ± 0.01 1.37 100.00 10/10 36.04 *11.7 ± 0.2 2.08 ± 0.06 299.44 ± 4.63 1.59 
G15M0023B VU108-Z3 36.7263 N 
24.3420 E 
2.10 ± 0.01 1.72 55.58 6/11 35.93 *76.1 ± 2.4 2.13 ± 0.06 296.12 ± 4.63 2.08 
G15M0024B VU108-Z15 
36.7277 N 
24.3415 E 2.13 ± 0.01 0.46 63.67 6/10 29.74 22.5 ± 3.2 2.09 ± 0.03 300.50 ± 1.58 0.23 




24.3515 E 2.36 ± 0.01 0.70 84.62 9/10 37.62 43.2 ± 2.7 2.34 ± 0.04 300.57 ± 3.49 0.78 
G15M0026B VU108-Z1b 36.6848 N 
24.3500 E 





24.5157 E 2.72 ± 0.01 1.95 87.67 9/10 47.90 *28.3 ± 0.5 2.62 ± 0.04 310.21 ± 4.04 0.99 
The age in bold is considered as the best estimate of the eruptive age.  
The 40Ar* (%) is the average radiogenic 40Ar of the analyses included in the weighted mean. 
*The K/Ca ratio is calibrated by removing the total fusion with excess 37Ar (Ca) (fA>1). 
BThe experiment was analyzed on biotite of the sample. 





Figure 2.6 Groundmass 40Ar/39Ar plateau or inverse isochron ages for samples G15M0017 (A), 
G15M0015 (B) and G15M0029 (C). Individual steps and final age calculation are reported with 1σ errors. 
The Profitis Illias volcano (A, B) and dacitic Korakia dome (C) are located in the south-western and 
north-eastern parts of the MVF, respectively (Figure 2.2). See the individual steps of samples G15M0015 
and G15M0029 in https://gchron.copernicus.org/preprints/gchron-2020-30/. 
Sample G15M0015 is also a crypto-dome breccia from Profitis Illias (Figure 2.2). Two 
replicate incremental-step heating experiments were performed on the groundmass of this sample 
(VU108-Z9a and VU108-Z9b_1, Figure 2.6B). Experiment VU108-Z9a groundmass shows a 
disturbed age spectrum and ages increase from ~3 Ma in the initial heating steps to ~3.2 Ma, 
followed by a decrease to ~3 Ma in the high temperature heating steps. The consecutive heating 
steps only exist at the lower-temperature steps yielding a “plateau” of 3.12 ± 0.02 Ma (MSWD 
9.07). Due to the excess argon (40Ar/36Ar 304.19 ± 1.25 comprising 43.07% of the released 39ArK), 
the inverse isochron of 3.06 ± 0.02 Ma (MSWD 0.01) is more reliable for this analysis. The inverse 
isochron age of the second groundmass (VU108-Z9b_1) is identical at 3.04 ± 0.02 Ma (MSWD 
1.14; 39ArK 27.00%) and 40Ar/36Ar of 293.83 ± 1.38 obtained at high-temperature steps. The two 
experiments are remarkably similar. Although the sample does not formally fulfil the definition of 
a plateau age comprising >50% 39ArK released, a combined age of 3.06 ± 0.02 Ma (MSWD 1.14; 
39ArK 22.79%, 40Ar* 41.77%) most likely represents the eruption age. This 40Ar/36Ar age is 
consistent with the K-Ar age from the same lithology of 3.08 ± 0.08 Ma (Fytikas et al. 1986). 
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Sample G15M0029 is an andesite collected from Korakia in the north-east of Milos (Figure 
2.2). Two incremental heating experiments (VU108-Z16a and VU108-Z16b_1, Figure 2.6C) were 
performed on this sample. The two experiments are remarkably similar and show a decreasing age 
from ~2.85 Ma at the lower-temperature heating steps to 2.65 Ma at the higher-temperatures. The 
higher-temperature heating steps of both experiments yielded weighted mean plateau ages of 2.67 
± 0.01 Ma (MSWD 0.96; 39ArK 23.61%, 40Ar* 56.34%; inverse isochron age 2.68 ± 0.02 Ma) and 
2.69 ± 0.01 Ma (MSWD 1.32; 39ArK 27.08%, 40Ar* 55.78%; inverse isochron age 2.67 ± 0.03 Ma). 
The isochron intercepts for both experiments are atmospheric. The combined age of 2.68 ± 0.01 
Ma should be considered with caution due to the rather low amount of released 39Ar (23-28%). 
 
Figure 2.7 Biotite 40Ar/39Ar total fusion ages for samples G15M0006 (A) and G15M0025-26(B, C), 
G15M0022-24 (D-F), G15M0013 (G) and G15M0033-35 (H-J). Data outside the shaded area are not 
included in the weighted mean. Individual steps and final age calculation are reported with 1σ errors. The 
Kalogeros crypto-dome and Mavros Kavos lava dome are located in the north-eastern and south-western 
parts of the MVF, respectively, and the Triades lava dome, Halepa lava dome, Trachilas complex and 




2.3.1.3 Single biotite grain 40Ar/39Ar fusion and/or isochron ages  
Results of nine single-fusion experiments are given in Figure 2.7. Nine or ten replicate 
single-fusion experiments were conducted on 5-10 grains biotite per fusion. Sample G15M0006 is 
from dacite with columnar joints from the Kalogeros crypto-dome in the north-east of Milos 
(VU108-Z11, Figure 2.7A). The sample shows a weighted mean age of 2.72 ± 0.01 Ma for 9 out 
of 10 total fusion experiments (MSWD 1.95; 9/10) with an average 47.9% of radiogenic 40Ar. The 
inverse isochron age is 2.62 ± 0.04 Ma (MSWD 0.99). Note that excess argon (40Ar/36Ar 310.2 ± 
4.0) is present. Hence the inverse isochron age is younger compared to the weighted mean age. 
The isochron age of 2.62 ± 0.04 Ma is regarded as the best estimate for the emplacement age.  
Sample G15M0025 was collected from the Mavros Kavos lava dome located in the west 
of Milos (Figure 2.2). The biotite of this sample (VU108-Z2, Figure 2.7B) shows a weighted mean 
age of 2.36 ± 0.01 Ma (MSWD 0.70; 9/10; 40Ar* 37.60%, inverse isochron age 2.34 ± 0.04 Ma) 
with an 40Ar/36Ar intercept of 300.6 ± 3.5. The age of 2.36 ± 0.01 Ma is considered the best eruption 
age estimate for this sample.  
Samples G15M0023 and G15M0024 are from the Triades lava dome north-east of Milos 
(Figure 2.2). A mafic enclave G15M0022 (host rock G15M0021) was collected from a lava near 
Cape Vani (Figure 2.2). The total fusion experiments of the biotites show that their initial 40Ar/36Ar 
estimates overlap with air (296-300). The total fusion ages gave the best estimates for their eruption 
ages of 2.10-2.13 Ma using 22 out of 31 fusions with a range of radiogenic 40Ar between 30-36% 
(Figure 2.7B). 
Sample G15M0013 is from the rhyolitic Halepa lava dome in the south of Milos (Figure 
2.2). The total fusion experiment (VU108-Z13, Figure 2.7C) on biotite of this sample produced a 
weighted mean age of 1.04 ± 0.01 Ma (MSWD 1.62; 9/10, 40Ar* 26.3%; inverse isochron age 1.02 
± 0.04 Ma) with an initial 40Ar/36Ar estimate of 299. 8 ± 4.1. The best estimate for the eruption age 
of the Halepa rhyolite is 1.04 ± 0.01 Ma. 
Samples G15M0034 and G15M0035 were collected from a lava dome located south-east 
of the Trachilas cone (Figure 2.2). Nine total fusion experiments (VU108-Z21, Figure 2.7C) were 
performed on biotite of sample G15M0035 and yielded the age of 0.63 ± 0.02 Ma (MSWD 1.26; 
6/9; 40Ar* 4.9%; inverse isochron age 0.77 ± 0.13 Ma). The atmospheric isochron intercept 
overlaps with air at 2-sigma (296.4 ± 1.7). The 4.9% of radiogenic 40Ar is so low that we should 
consider the age of 0.63 ± 0.02 Ma with caution. For biotite of sample G15M0034 (VU108-Z20, 
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Figure 2.7C) one total fusion experiment produced a weighted mean age of 0.51 ± 0.02 Ma 
(MSWD 0.95; 6/10; 40Ar* 3.5%; inverse isochron age 0.61 ± 0.08 Ma) with an atmospheric 
isochron intercept. The age of 0.51 ± 0.02 Ma also needs to be regarded as possibly suspect due to 
the low amount of radiogenic 40Ar. 
 
Figure 2.8 Biotite 40Ar/39Ar plateau ages for samples G15M0021 (A), G15M0007 (B), and G15M0009 
(VU110-Z23_combined), G15M0012 (VU110-Z24_combined) and G15M0008 (VU110-Z22_combined) 
(C). The numbers in red represent negative ages. Individual steps and final age calculation are reported 
with 1σ errors. The Triades lava dome, Trachilas and Fyriplaka complexes are located in the north-
western, northern and south-eastern parts of the MVF, respectively (see Figure 2.2).  
Sample G15M0033 was collected from the Kalamos lava along the coast of the south-west 
of the Fyriplaka rhyolitic complex (Figure 2.2). Biotite of this sample (VU108-Z19, Figure 2.7C) 
yielded 0.412 ± 0.004 Ma (MSWD 1.10; 8/10; inverse isochron age 0.39 ± 0.02 Ma) with ~22.2% 
of radiogenic 40Ar, which is regarded as the eruption age for the Kalamos lava. 
2.3.1.4 Multiple biotite grain 40Ar/39Ar incremental heating plateau and/or isochron ages 
Figure 2.8 displays the biotite 40Ar/39Ar ages measured by the incremental heating steps 
method. Sample G15M0021 is the host lava of mafic enclave G15M0022. Twelve replicate total 
fusion experiments on its biotite (VU110-Z4, Table 2.3) produced an age of 2.48 ± 0.04 Ma 
(MSWD 1.49; 4/12, 40Ar* 36.09%; inverse isochron age 3.44 ± 0.46 Ma). Although this suggests 
a correct age, the large analytical error of each fusion (>0.3 Ma on average) and poor 
reproducibility (4/12) of this experiment probably result in an unreliable age. Therefore, two more 
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incremental heating experiments were performed on this sample (VU110-Z4_2 and VU110-
Z4_2b, Figure 2.8A), which gave an age of 1.97 ± 0.01 Ma (MSWD 1.66; 39ArK 63.8%, 40Ar* 
54.7%; inverse isochron age 1.97 ± 0.03 Ma) and 2.01 ± 0.01 Ma (MSWD 6.76; 39ArK 75.39%, 
40Ar* 57.84%; inverse isochron age 2.04 ± 0.05 Ma), respectively. The scatter in the latter is too 
high to define a reliable plateau age and the first incremental heating experiment is regarded as the 
best estimate of the eruption age of this sample. 
Sample G15M0007 was collected from the rhyolitic Trachilas complex in the north of 
Milos (Figure 2.2). Twenty-two total fusion (VU110-Z12, Table 2.3) and two incremental heating 
experiments (VU110-Z12a and 12b, Figure 2.8B) were performed on biotite of this sample. The 
total fusion experiments did not result in a reliable age due to the large errors of single steps (± 
0.19 Ma on average) and the rather low amount of radiogenic 40Ar (9.1%). On the other hand, the 
first incremental heating experiment produced a plateau age of 0.30 ± 0.01 Ma (MSWD 4.61; 39ArK 
56.60%; inverse isochron age 0.28 ± 0.05 Ma) including 14.51% of radiogenic 40Ar. The second 
incremental heating experiment yielded a plateau of 0.317 ± 0.004 Ma (MSWD 1.29; 39ArK 
74.05%; inverse isochron age 0.31 ± 0.03 Ma) with a higher amount of radiogenic 40Ar (18.30%). 
The isochron intercepts of both incremental heating experiments are atmospheric. The second 
experiment is the best estimate for the eruption age, since it contained the largest amount of 
radiogenic 40Ar and has a better reproducibility of single heating steps. 
Three pumice clasts (G15M0008-9 and G15M0012) were sampled from different layers of 
the Fyriplaka complex (Figure 2.2). The first incremental-step heating experiment on biotite from 
sample G15M0009 (VU110-Z23a, Figure 2.8C) gave negative ages at the lower-temperature 
heating steps. Four consecutive higher-temperature heating steps seem to define a “plateau” of 
0.11 ± 0.02 Ma (MSWD 1.37) only using 18.33% of the total 39ArK with 1.65% of radiogenic 40Ar. 
The second experiment (VU110-Z23b) also yielded a plateau of 0.11 ± 0.03 Ma (MSWD 6.77) at 
higher-temperature heating steps including 41.05% of the total 39ArK and 3.13% of radiogenic 40Ar. 
The significantly larger error of the isochron age may be due to the clustering of data close to 0 on 
the y-axis. The two experiments (VU110-Z23a and Z23b) are comparable. The combined age of 
0.11 ± 0.02 (MSWD 3.5) is consistent with the age of 0.09-0.14 Ma from Fytikas et al. (1986). 
Although only 29.50% of the released 39ArK was used for this sample, we believe this age is the 
eruption age of this layer in the Fyriplaka complex.  
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For biotite of sample G15M0012, both incremental-step heating experiments are 
comparable. Both of them yielded plateau ages of 0.05 ± 0.01 Ma (VU110-Z24a; MSWD 3.09; 
39ArK 38.89%, 40Ar* 2.89%; inverse isochron age 0.14 ± 0.03 Ma) and 0.09 ± 0.02 Ma (VU110-
Z24b; MSWD 8.16; 39ArK 48.04%, 40Ar* 4.59%; inverse isochron age 0.09 ± 0.05 Ma) at higher-
temperature heating steps (Figure 2.8C). The clustering of data points of experiment VU110-Z24a 
could result in the lower initial estimate of 40Ar/36Ar (285.98 ± 4.76). However, the combined age 
of 0.07 ± 0.01 Ma, using 43.53% of the total 39ArK with an atmospheric isochron intercept (295.67 
± 7.39), could be the representative age of eruption.  
Biotite of sample G15M0008 did not result in a reliable plateau in the first incremental-
step heating experiment (VU110-Z22a, Figure 2.8C) but shows a very disturbed age spectrum. 
The second experiment (VU110-Z22b) yielded 0.062 ± 0.003 Ma (MSWD 0.91) using 71.81% of 
the total 39ArK with 2.69% of radiogenic 40Ar as the best estimate of the eruption age. 
2.3.1.5 Multiple amphibole grain 40Ar/39Ar multi-grain incremental heating plateau and/or 
isochron ages 
 
Figure 2.9. Amphibole 40Ar/39Ar plateau or inverse isochron ages for samples G15M0004 (A) and 
G15M0026 (B). Final age calculation is reported with 1σ errors. The Adamas and Mavros Kavos lava 
domes are located in the northern and south-western parts of MVF, respectively (see Figure 2.2).  
There are only two amphibole samples that yielded 40Ar/36Ar plateau and/or isochron ages 
(Figure 2.9A and B). Sample G15M0004 was collected from the pyroclastic series of Adamas from 
the PSLD (Fytikas et al., 1986), to the north of Bombarda (Figure 2.2). Two replicate heating 
experiments of G15M0004 amphibole (VU108-Z10_1 and VU108-Z10_2) were performed 
yielding 2.99 ± 0.11 Ma (MSWD 1.00; 39ArK 87.31%, 40Ar* 16.36%; inverse isochron age 7.89 ± 
2.46 Ma) and 2.86 ± 0.09 Ma (MSWD 1.50; 39ArK 86.18%, 40Ar* 17.58%; inverse isochron age 
0.70 ± 0.29 Ma). The variable atmospheric isochron intercept of both experiments (40Ar/36Ar 
202.39 ± 48.47 and 348.91 ± 27.33) is due to the clustering of the data points. Note that also the 
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amount of radiogenic 40Ar is rather low (~17%). The two experiments are remarkably similar. A 
combined inverse isochron age of 1.95 ± 0.45 Ma (MSWD 1.17; 40Ar/36Ar 319.51 ± 14.70) is 
considered the best estimate, but ideally this age should be checked by other techniques.  
Sample G15M0026 is from the same location as sample G15M0025, which gives us the 
opportunity to compare the biotite age with the amphibole age. One total fusion experiment on 
biotite (VU108-Z1b) yielded a weighted mean age of 2.35 ± 0.01 Ma (MSWD 1.36; 40Ar* 38.6%). 
The atmospheric isochron intercept is low (40Ar/36Ar 292.01 ± 2.92), and the inverse isochron age 
of 2.42 ± 0.04 Ma (MSWD 0.93) is considered the best result from the biotite. Two incremental 
heating experiments for amphibole (VU108-Z1b_1 and VU108-Z1b_2) gave plateau ages of 2.67-
2.70 Ma which are much higher values than the biotite inverse isochron ages (2.28-2.31 Ma). This 
result could be caused by the high 40Ar/36Ar isochron intercepts (>320) with large uncertainties of 
~29. Therefore, on the basis of the remarkable similarity of the two experiments, the combined 
inverse isochron age of 2.31 ± 0.28 Ma (MSWD 0.93, 39ArK 71.36%, 40Ar* 34.97%) is regarded 
as the best estimate from amphibole which overlaps with the biotite age of 2.42 ± 0.03 Ma. This 
biotite age of 2.42 ± 0.03 Ma is considered to the best approximation of the eruption age. 
 
Figure 2.10 SiO2 versus K2O (A) and AFM (B) diagrams for the Milos volcanic field with data of this 
study as solid circles. Published data are represented by shaded fields (Francalanci and Zelmer, 2019 and 
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reference therein). Fields for the tholeiite, calc-alkaline, high-K calc-alkaline and shoshonitic series are 
from Peccerillo and Taylor (1976). Vertical lines defining fields for basalt, basaltic-andesite, andesite, 
dacite and rhyolite are from Le Bas et al. (1986). The solid line dividing tholeiitic and calc-alkaline fields 
is from Irvine and Baragar (1971). 
2.3.2 Major-element results 
Major-element results are given in Table 2.4. The SiO2 compositions range from 54 to 78 
wt.% (basaltic andesite to rhyolite, see Figure 2.10A). The most felsic samples (SiO2>75 wt.%) 
belong to the Fyriplaka and Trachilas complexes. Our data overlap with those of previous studies 
and display a similar range in SiO2-K2O (Francalanci and Zellmer, 2019, and references therein). 
The samples of Polyegos are similar to the Fyriplaka and Trachilas complexes, whereas the older 
Milos samples overlap with Kimolos and Antimilos (Fytikas et al., 1986, Francalanci et al., 2007).  
Although some samples of Antimilos are tholeiitic, all of the Milos volcanic units belong 
to the calc-alkaline and medium to high-K series (Figure 2.10B). A mafic inclusion, sample 
G15M0022, has high K2O (6%), similar to sample G15M0021 (7.2 wt.%). Both of them were 
collected from the Vani Cape area (Figure 2.2). The SiO2 wt.% versus our 40Ar/39Ar ages diagram 
(Figure 2.11A) shows that there is a tendency of the volcanic units to become more felsic over 
time. In the diagram with K2O/SiO2 versus age there is no significant change (Figure 2.11C). 
2.3.3 Variations in eruption volume with ages 
Figure 2.11A shows the cumulative volcanic output volume of the MVF over time. This 
diagram shows that the MVF can be separated into three periods: periods I (~3.3-2.13 Ma) and III 
(1.48-0.00 Ma) are characterized by low volcanic output volumes, whereas Period II (2.13-1.48 
Ma) shows a rapid increase in volcanic output volume. Periods I and II are built up in submarine 
settings, whereas Period III is in a subaerial setting. The MVF was largely (~85% by volume) 
constructed in submarine before ~1.48 Ma (periods I and II) (Figure 2.11A). During Period III 
(1.48 Ma-present), only a small volume (~15%) of rhyolitic magma was added from different 

































Types Pumice Pumice Pumice Pumice Pumice Pumice Pumice Rhyolite - Dacite Obsidian Dacite 
Period III II 
Major elements (wt.%) 
SiO2 76.71 75.47 76.02 76.68 76.68 76.89 78.40 72.87 - 64.26 75.57 63.56 
TiO2 0.14 0.13 0.13 0.08 0.10 0.08 0.08 0.22 - 0.56 0.20 0.57 
Al2O3 12.96 12.77 12.91 12.60 12.86 12.64 12.93 14.11 - 16.08 13.32 16.09 
Fe2O3 1.11 1.08 1.04 0.85 0.88 0.84 0.85 1.95 - 5.33 1.46 5.70 
MnO 0.06 0.06 0.06 0.08 0.09 0.09 0.09 0.07 - 0.11 0.06 0.11 
MgO 0.22 0.22 0.23 0.11 0.18 0.11 0.11 0.51 - 2.42 0.33 2.81 
CaO 1.27 1.27 1.19 0.75 0.85 0.74 0.76 2.23 - 5.33 1.71 6.01 
Na2O 4.04 4.12 3.99 3.58 3.71 3.50 3.49 3.73 - 3.60 3.95 3.49 
K2O 3.22 3.15 3.41 4.74 4.46 4.85 4.95 3.43 - 1.69 3.26 1.57 
P2O5 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.04 - 0.04 0.03 0.09 
BaO 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.06 - 0.04 0.06 0.04 
L.O.I. 0.16 0.35 0.16 0.17 0.14 0.33 0.06 0.13 - 0.09 0.07 0.04 





























dacite Enclave Dacite Rhyolite Dacite Dacite Dacite 
Basaltic 
Andesite Dacite Dacite Dacite 
Period II I 
Major elements (wt.%)          
SiO2 64.98 53.87 73.05 76.57 69.56 69.57 68.58 55.72 61.91 63.77 68.03 
TiO2 0.35 0.60 0.29 0.23 0.42 0.43 0.40 0.66 0.79 0.64 0.58 
Al2O3 16.82 19.91 14.24 11.73 15.30 16.08 15.90 18.43 17.09 16.33 15.90 
Fe2O3 3.69 7.61 3.23 1.69 3.15 3.38 2.67 7.70 5.90 5.42 3.47 
MnO 0.08 0.16 0.02 0.03 0.11 0.04 0.07 0.14 0.09 0.10 0.07 
MgO 1.50 3.93 0.53 0.46 0.88 0.62 0.81 4.42 1.84 2.48 1.34 
CaO 2.19 5.45 2.35 2.36 3.67 3.43 2.89 8.78 6.07 5.91 4.31 
Na2O 2.61 1.73 3.28 2.85 3.49 3.56 4.19 2.90 3.57 3.35 3.76 
K2O 7.24 6.11 3.36 2.31 2.98 2.63 3.61 1.41 2.71 1.91 2.69 
P2O5 0.05 0.08 0.04 0.05 0.11 0.09 0.11 0.09 0.20 0.09 0.10 
BaO 0.35 0.34 0.06 0.05 0.06 0.06 0.10 0.03 0.13 0.04 0.04 
L.O.I. 0.17 0.21 0.12 0.20 0.19 0.09 0.12 0.06 0.09 0.04 0.48 
Total 100.03 100.00 100.57 98.53 99.92 99.98 99.45 100.34 100.39 100.08 100.77 
The classification of rock type for each sample is on the basis of field observation and SiO2 versus K2O plot of Le Bas et al. (1986). 




Figure 2.11 Eruption age versus (A) cumulative eruption volume for the volcanic deposits of Milos, (B) 
SiO2 wt.% and (C) K2O/SiO2, of the Milos volcanic units of this study and previous studies. The 
maximum (red line) and minimum (dashed red line) cumulative eruption volume curves were estimated 
from Campos et al. (1996) and Stewart and McPhie (2006). Qe is the long-term volumetric volcanic 
output rate (see discussion). The exact volume of volcanic products between 4.1 and 3.08 Ma is not well 
constraint and indicated with a question mark. The major-element data of the old pumices of Filakopi 
volcanoes (2.66 Ma) are from Stewart (2003). The major-element data of the Plakes lava dome is from 
Fytikas et al. (1986). Geochemical data of the old pumices of Profitis Illias (~3.08 Ma) is lacking due to 
the severe alteration. 
2.4 Discussion 
2.4.1 Comparison with the previous geochronological studies on the MVF 
More than half of our 40Ar/39Ar ages derived for this study are based on high-resolution 
laser incremental heating method. All incremental-step heating experiments are reproducible, 
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except for the sample G15M0017 which gave the oldest age. The total fusion experiments of this 
study gave at least 5 times smaller analytical uncertainty (1 SE on average ≤0.01 Ma) than the 
previous studies using conventional K-Ar (Angelier et al., 1977; Fytikas et al., 1976, 1986; 
Matsuda et al., 1999) and SHRIMP U/Pb zircon methods (Stewart and McPhie, 2006). Fission 
track dating on obsidians of the MVF produced two ages (Bigazzi and Radi, 1981; Arias et al., 
2006), which seem to overlap with the K-Ar and 40Ar/39Ar ages, but with larger uncertainty. U/Pb 
zircon ages could indicate the timing of zircon formation at high temperature (>1000 °C) in magma 
chambers significantly prior to volcanic eruption (e.g. Flowers et al., 2005). On the other hand, the 
lower closure temperature of K-rich minerals (<700 °C) makes the K-Ar and 40Ar/39Ar ages better 
suited to determine the timing of the extrusion of volcanic products (e.g. Grove and Harrison, 
1996; Cassata and Renne, 2013). 
The MSWD value, as a measure of the scatter of the individual step ages, is based on the 
error enveloping around the data point. The decrease in error will automatically cause an increase 
in MSWD (e.g. York, 1968; Wendt and Carl, 1991). The MSWD values reported in this study are 
relatively high. In part this is caused by the fact that modern multi-collector mass spectrometers 
used for 40Ar/39Ar dating can measure the isotope ratios very precisely, which in turn would 
increase the MSWD. It will be more valuable and challenging to find a plateau or isochron age 
which meets the MSWD criteria (<2.5) by modern multi-collector 40Ar/39Ar dating than by K-Ar 
or 40Ar/39Ar dating using a single detector instrument (e.g. Mark et al., 2009). 
Potential drawbacks of the 40Ar/39Ar method are its dependence on neutron irradiation 
causing the production of interfering argon isotopes that need to be corrected for. The uncertainty 
in the ages of standards that are required to quantify the neutron flux also needs to be incorporated 
in the final ages as there are uncertainties related to decay constants. Finally, recoil can occur 
during irradiation. Minerals such as biotite can be prone to recoil, yielding slightly older ages (e.g. 
Hora et al., 2010). 
In this section, our 40Ar/39Ar results are compared with previously published 
geochronological data and subsequently used to refine the stratigraphy of the MVF. In the last part, 
we will discuss the temporal variations in major elements and the volumetric volcanic output rate 
of the MVF. 
Figure 2.12 compares previous published K-Ar, U/Pb zircon and fission track ages from 
the same volcanic units with the new 40Ar/39Ar data of this study. In general, there is a good 
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agreement; however, 6 ages out of 23 differ significantly from previous studies and will be 
discussed below. 
The obsidian fission track ages (Bigazzi and Radi, 1981; Arias et al., 2006) for the 
Dhemeneghaki volcano are 0.25 My younger than the K-Ar ages (1.84 Ma, Angelier et al., 1977) 
and the 40Ar/39Ar age of this study (1.825 Ma, G15M0032B). The good agreement between the K-
Ar and 40Ar/39Ar ages suggests that the fission track ages record a different, lower-temperature 
event, than the K-Ar and 40Ar/39Ar ages. In addition, the larger uncertainty of fission track ages 
(>0.05 Ma) also overlaps with the 40Ar/39Ar age at 2-sigma. We assume that the 40Ar/39Ar age is 
the correct extrusion age for the obsidian of the Dhemeneghaki volcano. 
Angelier et al. (1977) reported one dacite sample in the north-west of Milos with an age of 
1.71 Ma (Angelier_3, location 3 in Figure 3 of Angelier et al., 1977). Argon loss could result in 
these ages (Angelier_3-5 in Figure 2.12) being younger than our 40Ar/39Ar groundmass ages of 
1.97 ± 0.01 Ma (dacite sample G15M0021 and -22). 
The amphibole of sample G15M0004 of the Adamas dacitic lava dome, located ~1 km 
north of the rhyolitic Bombarda volcano, gave an inverse isochron age of 1.95 Ma ± 0.45 Ma. This 
age overlaps with the K-Ar age for the Adamas lava dome of 2.03 ± 0.06 Ma (dacite M 66) of 
Fytikas et al. (1986). The large analytical uncertainty of our sample G15M0004 is caused by a 
combination of low 40Ar* yields and clustering of data points that define the inverse isochron 
showing the excess argon was identified by the 40Ar/39Ar method (40Ar/36Ar 319.51 ± 14.70), 
whereas the presence of excess argon cannot be tested by the K-Ar technique, implying that the 
Fytikas et al. (1986) might be slightly old. 
The Korakia andesite has an age of 1.59 ± 0.25 Ma (M 103, Fytikas et al., 1986) and was 
deposited in a submarine-subaerial environment on top of the Sarakiniko Formation, which was 
dated based on paleomagnetic polarity in combination with a K-Ar age (1.80-1.85 Ma, Stewart 
and McPhie, 2003, and references therein). The much older 40Ar/39Ar groundmass age (2.68 ± 0.01 
Ma) of Korakia andesite sample G15M0029 is unreliable and it could indicate the emplacement 
age of the Kalogeros crypto-dome (2.70 ± 0.04 Ma, Stewart and McPhie, 2006) or represent a 
geologically meaningless age with only 23-27% of the total 39Ar released in the plateau. In this 
case, the K-Ar age of 1.59 ± 0.25 Ma is regarded as the likely eruption age for the Korakia andesite 





Figure 2.12 The 40Ar/39Ar ages of this study (x-axis) compared to the K/Ar ages (Angelier et al., 1977; 
Fytikas et al., 1986), U/Pb zircon ages (Stewart and McPhie, 2006) and fission track ages (Bigazzi and 
Radi, 1981; Arias et al., 2006) (y-axis) for the same volcanic units. Ages which deviate from the 1:1 
correlation line are discussed in section 4.1. 
We obtained 40Ar/39Ar ages of 3.41-4.10 Ma and 3.06 ± 0.02 Ma, respectively, from the 
groundmasses of dacite samples G15M0017 and G15M0015 in the south-west of Milos (Figure 
2.2 and 2.13B). Both of these samples are derived from the coherent dacite facies of the rhyolitic 
Profitis Illias volcano based on Figure 2.11 of Stewart and McPhie (2006). Sample G15M0015 
yielded much higher radiogenic 40Ar (41.77%) than that of sample G15M0017 (<10% of 40Ar*), 
and the rhyolite sample M 164 from Fytikas et al. (1986) (23.5% of 40Ar*) gave an estimate the 
eruptive age of 3.08 ± 0.08 Ma to the Profitis Illias volcano which is much younger than that given 
by our sample G15M0017 (Figure 2.12). Therefore, we consider our 40Ar/39Ar ages of 3.06 ± 0.02 
Ma as the best estimate of the emplacement age of the coherent dacite facies of the Profitis Illias 
volcano. 
A basaltic andesite dyke near Kleftiko on the south-western coast of Milos has a K-Ar age 
of 3.50 ± 0.14 Ma, which only gave 13.9% of 40Ar* (Fytikas et al. 1986). This age is significantly 
older than the eruptive ages of the Profitis Illias volcano which the dyke intruded (Stewart, 2003). 
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Although containing relatively low 40Ar* (16.87%), our 40Ar/39Ar age of 2.66 ± 0.01 Ma with 
67.27% of 40Ar* from the groundmass of basaltic andesitic sample G15M0016 of the dyke near 
Kleftiko is probably an accurate intrusion age.  
2.4.2 The published ages of other volcanic units 
Unfortunately, we were not able to date all key volcanic units of the MVF. This was due 
to three factors: (1) we did not collect samples from all units; (2) some of the collected samples 
were not fresh enough after inspection of thin sections; and (3) some of the 40Ar/39Ar data indicate 
that the K-Ar decay system was disturbed. Therefore, we include published age information to 
establish a complete high-resolution geochronology for the MVF. 
The published volcanic units that we include are the Profitis Illias volcano (3.08 ± 0.08 Ma 
with 23.5 (%), Fytikas et al., 1986), the Mavro Vouni lava dome (2.50 ± 0.09 Ma with 55.2 40Ar* 
(%), Anglier et al., 1977) in the south-western part of Milos, the Bombarda volcano (1.71 ± 0.05 
Ma with 24.3 40Ar* (%), Fytikas et al., 1986) and the Plakes volcano (0.97 ± 0.06 Ma with 10.2 
40Ar* (%), Fytikas et al., 1986, and 0.8-1.2 Ma with 5.4-11.9 40Ar* (%) Matsuda et al. 1999). Scoria 
deposits that Stewart and McPhie (2006) attributed to an andesitic scoria cone between Milos and 
Kimolos were produced in a submarine setting and maybe occasionally above sea level. No age 
data for this deposit have been published so far. However, the stratigraphic position of this scoria 
deposit is between MIL 365 (2.66 Ma, Stewart and McPhie, 2006) and M103 (1.59 Ma, Fytikas et 
al., 1986), which is shown in Figure 2.10 of Stewart and McPhie (2006). Therefore, this scoria 
cone was likely active in the north-eastern part of the MVF between 2.6 and 1.6 Ma.  
Fytikas et al. (1986) also analysed a pumice coming from the Sarakiniko deposits east of 
Adamas (1.85 ± 0.10 Ma with 13.6 40Ar* (%), Fytikas et al., 1986) (Figure 2.2). This unit is 
reworked pyroclastic sediment of the Adamas lava dome (Rinaldi & Venuti, 2003). Therefore, the 
K-Ar age from the Sarakiniko unit is not regarded as an eruption age in this study. We did not 
sample the neighbouring islands of the MVF and also did not attempt to date the products of the 
recent phase of phreatic activity from which Traineau and Dalabakis (1989) obtained 14C ages of 
200 BCE and 200 CE.  
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2.4.3 Implications for the stratigraphy of the MVF 
2.4.3.1 Start of volcanism in the MVF 
Figures 2.13 and 2.14 summarize our new 40Ar/39Ar ages in combination with previously 
published stratigraphic, biostratigraphic, fission track, 14C, K-Ar and U-Pb age data. We did not 
consider the Matsuda et al. (1999) data as the fission track ages seem to be offset to other dating 
technique ages obtained from the same deposits (see section 4.1 above). The exact start of 
volcanism in the MVF is still unclear since these older deposits are strongly hydrothermally 
altered. Van Hinsbergen et al. (2004) reported five ash layers in the Pliocene sedimentary rocks of 
southern Milos, ranging between 4.5-3.7 Ma in age, based on biostratigraphy, magnetostratigraphy 
and astronomical dating. In a slightly wider circle around Milos island, the 6.943 ± 0.005 Ma a1 
tephra event recorded in several locations on nearby Crete (Rivera, Storey, Zeeden, Hilgen, & 
Kuiper, 2011) shows that explosive volcanism along the Aegean arc, possibly on Milos, already 
occurred during the Messinian. These ash beds cannot be traced to currently exposed centres in 
the MVF and could conceivably be related to volcanic centres further north (Antiparos and 
Patmos), which were active during this time interval (Vougioukalakis et al., 2019). 
Biostratigraphy shows that the youngest layer with dateable fossils (bio-event, the last 
common occurrence of Sphenolithus spp., Van Hinsbergen et al., 2004) in the Neogene 
sedimentary rocks is 3.61 Ma old (GTS2020, Raffi et al., 2020). The diatomite unit II from Calvo 
et al. (2012) on top of the oldest volcaniclastic deposit from the north-eastern coast of Milos is 
constrained within 2.83-3.19 Ma. These data suggest that the oldest products must be older than 
2.83 Ma and younger than 3.61 Ma. Our oldest 40Ar/39Ar ages of this study displayed a wide range 
of 3.41-4.10 Ma, which is probably not correct due to the alteration of the samples. Alteration 
might induce Ar loss and that would imply that the age is even older than 3.4-4.1 Ma. The age of 
3.50 ± 0.14 Ma given by Fytikas et al. (1986) for an andesitic pillow lava or dyke has been 
discussed above and probably belongs to a series of basaltic andesite intrusions in the younger 
dacitic-rhyolitic deposits of Profitis Illias (~ 3.08 Ma, Fytikas et al., 1986), and therefore the 3.5 
Ma age is probably not correct (e.g., Stewart, 2003). Fytikas et al. (1986) measured one sample 
from Kimolos (Figure 2.2 and 2.3) with an age of 3.34 Ma. Furthermore, Ferrara et al. (1980) 
reported an age of 3.15 Ma for a lithic clast derived from the Petalia intrusion in the Kastro 
volcaniclastics of Polyegos. If we assume that this reported age is a cooling age, volcanism in the 
MVF must have started before 3.15 Ma. Although age constraints for the start of volcanism on 
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Milos both from the Neogene sedimentary rocks and the dated volcanic samples are poor, the 
evidence at this stage would suggest that volcanism in the MVF started ~3.3 Ma. 
 
  
Figure 2.13 Nine selected stratigraphic columns covering the (A) young (< 1.4 Ma) and (B) old (> 1.4 
Ma) volcanic deposits of Milos modified after Stewart and McPhie (2006), except for (7) Dhemeneghaki. 
Age data in black are from this study and those in red are from (1) Angelier et al. (1977), (2) Fytikas et al. 
(1976, 1986), (3) Matsuda et al. (1999) and (4) Stewart and McPhie (2006). 
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Table 2.5. Summary of the eruption ages of the Milos volcanic field  
 
No. Name of volcanic centre Age (Ma) Reference 
1 Kimlos volcano 3.34 Fytikas et al., 1986 
2 Profitis Illias crypto-dome/pumice cone 3.08 Fytikas et al., 1986 
3 coherent dacite of Profitis Illias volcano 3.06 This study 
4 Filakopi volcano 2.66 Stewart and McPhie, 2006 
5 Kalogeros crypto-dome 2.62 This study 
6 Mavro Vouni lava dome 2.5 Angelier et al., 1977 
7 Mavros Kavos lava dome 2.42-2.36 This study 
8 Polyegos lava dome 2.34 Fytikas et al., 1986 
9 Triades lava dome 2.13-2.10 and 1.97 This study 
10 Adamas lava dome 2.03 Fytikas et al., 1986 
11 Dhemeneghaki volcano 1.83 This study 
12 Bombarda volcano 1.71 Fytikas et al., 1986 
13 Korakia dome 1.59 Fytikas et al., 1986 
14 Kontaro dome 1.52-1.48 This study 
15 Halepa lava dome 1.04 This study 
16 Plakes lava dome 0.97 Fytikas et al., 1986 
17 Trachilas complex 0.63, 0.51 and 0.317 This study 
18 Kalamos lava dome 0.41 This study 
19 Antimilos domes 0.32 Fytikas et al., 1986 
20 Fyriplaka complex 0.11 and 0.07-0.06 This study 
21 Phreatic activity 200 AD-200 BC Trainau and Dalabakis, 1989  
 
2.4.3.2 Periods with different volumetric output 
The volume estimates of the MVF are hampered by limited exposure of several volcanic 
units and unknown age relationships. Therefore, not all units can be attributed to a certain volcano. 
Furthermore, we also do not know how much of the volcanic products was lost through transport 
by air, sea currents and erosion. Therefore, the discussion here only provides a first-order estimate 
of the onshore extruded magma volume. Taking into account all these limitations, our age data and 
the volume estimates by Stewart and McPhie (2006) indicate at least three periods of different 
long-term volumetric volcanic output rates (Qe) from ~3.3 to 0.0 Ma. We define a “Period” as a 
time interval were the Qe is significantly different from the average output rate (Qe 
average=1.0×10-5 km3·yr-1) of the MVF over the last 3.3 Ma. Figure 2.11 shows that the Qe can 
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be subdivided into two slow-growth periods (I and III) and one period (II) during which the Qe 
was significantly larger. 
The lower boundary of Period I is based on our estimate of the oldest volcanic units of 
Milos at ~3.3 Ma. These oldest units were deposited in the south-west of Milos between ~3.3 and 
3.08 Ma and include the BPS of Fytikas et al. (1986) and the felsic pumice-cone/crypto-dome 
facies of Stewart and McPhie (2006). These deposits have a minimum thickness of 120 m. The 
estimates of the DRE volume and the Qe of these earliest volcanic deposits are hampered by the 
lack of precise age information, the high degree of alteration and structural complexities. 
Therefore, we only calculated the Qe of Period I from 3.08 Ma for which the eruption products are 
mainly dacitic-rhyolitic in composition (Table 2.5, Figure 2.11), and the first products that can be 
reliably dated are crypto-domes (3.06 Ma, sample G15M0015) and dykes (2.66 Ma, sample 
G15M0016) into the BPS of Fytikas et al. (1986) or the units of the Profitis Illias volcano of 
Stewart and McPhie (2006, 3.08 Ma) in the south-west of Milos. These crypto-domes and dykes 
were followed by the formation of the submarine Fylakopi pumice cone volcano at 2.66 Ma 
(Stewart and McPhie, 2006) and the Kalogeros crypto-dome at 2.62 Ma (sample G15M0006) in 
the north-eastern part of Milos. These two pumice cone volcanoes contributed 3-11 km3 DRE in 
volume to the MVF. The last two volcanic activities of Period I occurred in the south-west (Mavro 
Vouni, 2.50 Ma, Angelier et al., 1977) and west of Milos (Mavros Kavos, 2.36 Ma, this study), 
respectively, which produced two high-aspect-ratio andesitic-dacitic lava domes with a total 
volume of 1-3 km3 DRE (Stewart and McPhie, 2006). During the submarine Period I, which lasted 
~ 1.2 Ma, the estimated Qe is 0.9 ± 0.5×10-5 km3·yr-1.  
The change from periods I to II is based on the sharp increase in Qe at 2.13 Ma (Figure 
2.11). During this period the Qe (3.0 ± 1.7×10-5 km3·yr-1) increased by a factor of ~3 compared to 
periods I and III. Period II began with the submarine extrusions of the dacitic-rhyolitic Triades 
lava dome in the north-west and dacitic Adamas lava dome in the north-east of Milos and was 
followed by the rhyolitic Dhemeneghaki pumice cone/crypto-dome and the Bombarda volcano in 
the north-east of Milos. For the Bombarda centre a large age range is reported in the literature 
(1.71-2.15 Ma, Figure 2.13B). We did not successfully date samples from the Bombarda centre, 
but Rinaldi and Campos Venuti (2003) reported that an age of 1.71 Ma is the best approximation 
based on other stratigraphic information. For the Dhemeneghaki centre, we obtained an 40Ar/39Ar 
age of 1.825 ± 0.002 Ma from obsidian. The Triades, Adamas, Dhemeneghaki and Bombarda 
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centres all developed in submarine settings, as the intercalated sediments from the northern coast 
of Milos show (Calvo et al., 2012; Figure 2.14). The last two volcanic expressions in Period II 
consist of two submarine-to-subaerial lava dome extrusions: Kantaro (1.59 Ma, Fytikas et al., 
1986) and Korakia (1.48 Ma, this study) in the north-west and north-east of Milos, respectively. 
The products of these two centres are andesitic-dacitic in composition. All volcanic centres of 
Period II produced 8-30 km3 DRE in volume for the MVF. 
Period III began with a time interval of 0.4 Ma with no eruptions and has a very low Qe of 
0.25 ± 0.05×10-5 km3·yr-1. The boundary between periods II and III can be placed at the last 
eruption of Period II, at the start of the first eruption in the low output interval, or halfway in 
between. The difference between those options is not significant, given the large uncertainties of 
the volume estimates (Figure 2.12), and therefore we have decided to start Period III directly after 
the last eruption of the high Qe of Period II. The composition of nearly all Period III volcanic 
products is rhyolitic, an exception is the dacitic Plakes lava dome (Figure 2.12). The Plakes lava 
dome is probably the last volcano erupting at ~0.97 Ma (Fytikas et al., 1987) in a submarine 
environment in the north of Milos, whereas the other lava dome in Period III, Halepa, produced 
rhyolitic lavas in a subaerial setting in the south (Stewart and McPhie, 2006). The Halepa and 
Plakes domes contributed 1-3 km3 DRE in volume to the MVF and were followed by a 0.3 Ma 
interval with no or limited volcanic eruptions. Two subaerial pumice-cone volcanoes with biotite-
bearing rhyolites were constructed during the last 0.6 Ma, the Trachilas and Fyriplaka complexes. 
The Trachilas complex was active for approximately 300 kyr (0.63-0.32 Ma) in the northern part 
of Milos. The evolution of this complex began with phreatic eruptions which became less 
explosive over time (Fytikas et al., 1986). During the last eruption (0.317 ± 0.004 Ma) of the 
Trachilas complex rhyolitic pumices filled up the crater area and breached the northern tuff cone 
walls. The Trachilas complex only added a small volume (1-2 km3 DRE) to the MVF. The Kalamos 
lava dome was also extruded in the south of Milos (Figure 2.2) contemporaneously with the 
Trachilas complex.  
The youngest volcanic activity of Milos (0.11 Ma-present) is characterized by subaerial 
eruptions of biotite-phyric-rhyolite from the Fyriplaka complex in the south of Milos, and was 
studied in detail by Campos Venuti and Rossi (1996). This complex is constructed on a paleosol 
that developed in a phreatic deposit (“green lahar”, Fytikas et al., 1986) or lies directly on the 
metamorphic basement. Campos Venuti and Rossi (1996) indicated that the stratigraphic order is 
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Fyriplaka and Gheraki tuff rings, Fyriplaka lava flow and tuff cone of Tsigrado-Provatas. The 
total estimated volume of volcanic material is 0.18 km3 DRE. The boundary between the 
Fyriplaka and Tsigrado tuff cones is characterized by a marked erosive unconformity. The 
composition of these young volcanic products is very constant (Figure. 2.10-2.11), as noted by 
Fytikas et al. (1986) and Campos Venuti and Rossi (1996). The products from Fyriplaka and 
Tsigrado cones are covered by a paleosol rich in archaeological remains and a phreatic deposit 
consisting largely of greenschist metamorphic fragments. According to Campos Venuti and 
Rossi (1996), the Fyriplaka cone was quickly built by phreatic and phreatomagmatic eruptions, 
as there are no paleosols observed between the different units. However, our data do suggest a 
large range in ages between 0.11 and 0.06 Ma. Fytikas et al. (1986) also reported a range 
between 0.14 and 0.09 Ma. These ages are inconsistent with the “green lahar” age of 27 kyrs 
(Principe et al., 2002), suggesting that the “green lahar” deposit consists of many different 
phreatic eruption layers that were formed during a time interval of more than 0.4 Ma, as the 
Kalamos lava is underlain by a green phreatic eruption breccia (Campos Venuti and Rossi 1996). 
We, therefore, conclude that phreatic eruptions occurred for more than 400 kyr, predominantly in 
the eastern part of Milos until historical times (200 BCE – 200 CE, Traineau and Dalabakis, 
1989). 
2.4.3.3 Temporal evolution of the magma flux and composition 
Figure 2.11 shows temporal major-element variations during the evolution of the MVF. 
The volcanic units of Period III are dominantly rhyolitic in composition, whereas during periods I 
and II the compositions of volcanic units range between basaltic andesite to rhyolite. However, the 
K2O/SiO2 ratio is constant (0.05 ±0.02) over the 3.3 Ma evolution of the MVF, with one exception, 
sample G15M0021 collected near Cape Vani which is altered by hydrothermal processes (e.g. 
Alfieris et al. 2013). Periods I and III contain large explosive pumice-cone volcanoes, whereas 
Period II is dominated by effusive dome extrusions. The difference in volcanic structures is not 




Figure 2.14 Diagram presenting three periods of different long-term volumetric volcanic output rate on 
Milos volcanic field based on the new 40Ar/39Ar data of this study and published data. The location of the 
different volcanoes is given in Figure 2.2 and indicated in the left panel (from left to right: SW, W, NW, 
N, NE, E, SE and S of Milos). The right panel corresponds to published age data: [A]-Fytikas et al. 
(1976); [B]-Angelier et al. (1977); [C]-Fytikas et al. (1986); [D]- Bigazzi and Radi (1981); [E]-Matsuda, 
(1999); [F]-Stewart and McPhie (2006); [G]- Trainau and Dalabakis (1989). Biostratigraphic data of the 
Neogene sediments (NGs) are from [H]-Calvo et al. (2012) and [I]-Van Hinsbergen et al. (2004) 
calibrated to Raffi et al. (2020) (LCO of Sphenolithus spp. and FO of Discoaster tamalis). The number in 
the left panel represents the vol- canic centres of Milos (see details in Table 2.5). The start of volcan- ism 
(3.08–3.61 Ma) on Milos and the basement of the other islands (Antimilos, Kimolos and Polyegos) are 
not well constrained and in- dicated with question marks (see text for discussion). The simplified 
basement cross section (NS: Neogene sedimentary rock; MB: Meta- morphic basement) under Milos 
volcanic units is based on Fytikas et al. (1989). We used the filled symbols as the best estimate for the 
eruption ages at the different volcanic centres, and the open sym- bols are not used as the best estimate 
due to their relatively large uncertainties.  
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It is noteworthy that the value of the Qe (0.2-4.7×10-5 km3·yr-1) for the MVF is at least 2-3 orders 
lower than the average for rhyolitic systems (4.0Í10-3 km3·yr-1) and the mean for continental 
arcs (~70Í10-3 km3·yr-1) (White, Crisp, & Spera, 2006). Milos overlaps with the lowest Qe 
values of the study of White et al. (2006). No data are available for the ratio between intruded 
magma in the crust below Milos and extruded volcanic units (I:E). White et al. (2006) argued 
that a ratio of 5:1 (I:E) is probably a realistic estimate for most volcanic centres and that this ratio 
can be higher in volcanic centres constructed on continental crust. A magma supply rate from the 
mantle beneath the MVF could be estimated in the order of 0.1-3.3Í10-4 km3·yr-1. Druitt et al. 
(2019) reported a long-term average magma supply rate of approximately 1Í10-3 km3·yr-1 
beneath the Kameni islands of Santorini, which is comparable to that of Milos. Besides the case 
of the Santorini VF, no other information on the long-term average magma supply rate of other 
volcanic centres of the SAVA is available to our knowledge.  
Milos is approximately 15 km long (W-E), a magma production rate of approximately 0.7-
22 km3·km-1·Ma-1 can be estimated over the last ~3.34 Ma. Although this magma production rate 
per km arc length is the onshore estimate for the MVF, it is still significantly lower than for oceanic 
arcs: 157-220 km3·Ma-1·km-1 (Jicha & Jagoutz, 2015). For continental arcs, the long-term magma 
production rate is more difficult to establish because magmatism is cyclic, and short periods (5-20 
Ma) of intense magmatism (“flare ups”) with 85 km3·km-1·Ma-1being alternated with periods of 
25-50 Ma of low magma production rate of 20 km3·km-1·Ma-1 (e.g., Jicha and Jagoutz, 2015). The 
periods of low magma production overlap with the magma production rates beneath the MVF over 
the past ~3.34 Ma. 
2.5 Conclusions 
This study reports twenty-one new 40Ar/39Ar ages and major-element data for 10 volcanic 
units of the Milos volcanic field.  
In combination with previously published age data, geochemistry and facies analysis the 
following points can be made. 
(1) The exact age of the start of volcanism in the MVF is still unclear due to the high degree 
of alteration of the oldest deposits. The best estimate based on our new 40Ar/39Ar ages, 
published K-Ar data and nannofossil biozones is between 3.5 and 3.15 Ma. 
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(2) Based on the long-term volumetric volcanic output rate, the volcanic history of the MVF 
can be divided into two slow growth periods, periods I (~3.3-2.13 Ma) and III (1.48 Ma-
present), and one relatively fast growth period, Period II (2.13-1.48 Ma).  
(3) Periods I and II are characterized by andesitic to rhyolitic lavas and pyroclastic units, 
whereas those of Period III are dominantly rhyolitic. The K2O/SiO2 ratio is constant over 
the 3.3 Ma history of the MVF.  
(4) The long-term volumetric volcanic output rate of Milos is 0.2-4.7Í10-5 km3·yr-1, 2-3 
orders of magnitude lower than the average for rhyolitic systems and continental arcs.  
 
Supplementary material for Chapter 2. 




3. Parameters controlling the eruption frequency of long-
lived felsic magmatic systems: an example from the 
Milos volcanic field (Greece) 
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Abstract: The observation that individual volcanic centres have their own eruption frequencies 
has been known for a long time but is as yet poorly understood. The key to a better 
understanding of the mechanisms controlling the eruption frequency comes from integrating 
accurate geochronology and geochemical data with numerical models. In many silicic volcanic 
systems, the eruption frequency is studied for short time-scales of <1 Ma. Here, we combine two 
published numerical models to improve our understanding of the eruption frequency in a long-
lived (>3 Ma) felsic magmatic system, the Milos volcanic field. From the outputs of these two 
models, we interpret the time intervals between magma pulses into the subvolcanic reservoir (ti), 
the rates of magma supply (Qav) and chamber growth rates (Gmc) as the key parameters 
controlling the eruption frequency. During the time intervals of 1.5-1.04 Ma and 0.97-0.63 Ma 
the ti is longer than 500 years and the volcanic quiescence periods are longer than 350 kyr. 
Furthermore, these periods are characterized by low values for Qav (≤ 0.001 km3·yr-1) and for 
Gmc (<0.0008 km3·yr-1). In contrast, during the time intervals of 3.3-1.5 Ma and 0.60-0.06 Ma, 
the ti is shorter (<0.5 kyr) and the values for Qav (> 0.001 km3·yr-1) and for Gmc (> 0.001 km3·yr-
1) are higher corresponding to frequent eruptions. The parameters ti, Qav, and Gmc appear to 
determine the eruption frequency of a volcanic system. Changes in one or more of these three 
parameters of the Milos volcanic field correlate with changes in the tectonic stress field. 
3.1 Introduction 
Despite its importance for the prediction and mitigation of volcanic hazards, there is no 
clear explanation of the processes responsible for the frequency of volcanic eruptions (e.g., Forni 
et al., 2018). Voight et al. (1999) showed that small and frequent eruptions with a time-scale of 
hours to years are controlled by the conduit system whereas larger explosive eruptions are 
controlled by the size of the magma chamber (e.g., Jellinek and DePaolo, 2003). Hildreth and 
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Lanphere (1994) suggested that large strato-cone systems stay active for approximately 500,000 
years. Wijbrans et al. (2007) demonstrated that the life cycle of a monogenetic volcanic field can 
be as long as 3 Ma. Exisiting models (e.g., Caricchi et al., 2014; Degruyter and Huber, 2014) for 
the eruption frequency of magmatic systems mainly focus on large (caldera-forming magnitude) 
and relatively short time-scale (<1.0 Ma) volcanic systems, such as Santorini (e.g., Degruyter et 
al., 2016), Mt Adams (e.g., Townsend et al., 2019), Laguna del Maule (e.g., Le Mével et al., 
2016) and Campi Flegrei (e.g., Forni et al., 2018). The magma supply (e.g., the volume of 
magma added to a magma chamber), the mechanical properties of the crust (e.g., viscosity and 
cooling time-scale) and the tectonic regime (e.g., extension and compression) are key parameters 
controlling the eruption frequency, and can be inferred from numerical models for short-lived 
volcanic centres (e.g., Jellinek and DePaolo, 2003; Degruyter and Huber, 2014; Caricchi et al., 
2014 and Townsend et al., 2019). So far, it has been difficult to test such models against natural 
examples with longer lifetimes as accurate and abundant chronostratigraphic data that can be 
directly linked to the volcanological, and geochemical properties of the erupted products often is 
lacking. 
Here we focus on the Milos Volcanic Field (MVF), a felsic center in the South Aegean 
Volcanic Arc (SAVA) that has been active for the last 3.3 Ma (e.g., Zhou et al., 2021). This 
relatively long history of the MVF makes it an excellent natural laboratory to study the eruption 
frequencies of a long-lived felsic systems without large caldera-forming eruptions. We try to 
explain: (1) temporal changes in the eruption frequency of the MVF; (2) the factors that control 
the eruption frequency, and (3) why periods of volcanic activity alternate with longer periods of 
volcanic quiescence. We base our study on eruption ages and major-element data for most of the 
major volcanic units of Milos island published by Fytikas et al. (1986), Stewart et al. (2006) and 
Zhou et al. (2021). We integrate these data to validate two numerical models to better understand 
the variations in magma supply in terms of flux, injection frequency, and magma chamber 
growth rate and we correlate these parameters with changes in the regional tectonic stress field 
during the late Neogene. 
3.1.1 Geological Background 
Milos is a volcanic island in the western part of the SAVA, an arc that is located in the 
eastern Mediterranean as a result of subduction of oceanic crust belonging to the African plate 
beneath the Aegean microplate (e.g., Nicholls, 1971; Rontogianni et al., 2011). The westward 
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motion of Anatolia in the northern Aegean, in combination with the rollback of the African plate, 
resulted in a mainly extension controlled setting with clockwise and counter clockwise rotation 
of blocks east and west of the Mid-Cycladic Lineament (Figure 3.1A; e.g., Walcott and White, 
1998, Papazachos, 2019).  
The Pliocene andesite-dacite volcanism of the western SAVA volcanic fields (VF), 
Sousaki, Aegina-Poros-Methana, and Milos are all located in basins that are predominantly 
associated with N-S and/or E-W trending faults (e.g., Saronikos gulf and Matoon basin, Figure 
3.1A; e.g., Pe-Piper and Piper, 2005b, 2007, 2013). During the early-mid Pleistocene, the E-W 
faults continued to be active in the Methana volcanic field. However, NE-SW trending strike-slip 
faults that controlled the formation of the basaltic-rhyolitic lava and voluminous pyroclastics of 
the Santorini and MVF developed in the eastern and central parts of the SAVA (e.g., Pe-Piper 
and Piper, 2005a; Pe-Piper et al., 2005b). In the mid-late Pleistocene, motion along N or NNW 
trending normal faults occurs widespread in the western part and ENE-trending motion in the 
eastern part of SAVA. These normal faults are the result of regional extension that is visible near 
the island of Santorini that caused rapid basin subsidence (e.g., Druitt et al., 1999) and horst - 
graben structures on the island of Milos (Figure 3.1B, Papanikolaou et al., 1993). 
The MVF volcanic units are exposed on the islands of the Milos archipelago: Milos, 
Antimilos, Kimolos, and Polyegos. Our study focussed on the largest island, Milos. The MVF is 
underlain by metamorphic basement rocks on which Neogene fossiliferous marine sediments 
were deposited (e.g., Van Hinsbergen et al., 2004). During the last 3.3 Ma at least 20 discrete 
submarine and subaerial eruptions and intrusions constructed the MVF (e.g., Fytikas et al., 
1986). The geology, geochronology, and geochemistry of the MVF volcanic units have been 
described in previous studies (e.g., Fytikas et al., 1986; Stewart and McPhie, 2006; Zhou et al., 
2021). The volcanic history of the MVF can be divided into three periods, each of which is 
characterized by differences in eruptive flux (Figure 3.2; Zhou et al., 2021): 
(1) Period I (~3.34-2.13 Ma) has a relatively low long term volumetric volcanic output 
rate (Qe=0.4-1.4×10-5 km3·yr-1). The volcanic output is mainly from the Profitis Illias and 
Filakopi felsic pumice-cone/crypto-dome volcanoes in the SW and NE of Milos, respectively. 
These two volcanoes produced dacitic-rhyolitic pumice breccia in a submarine environment. The 
contemporaneous?? Mavros Kavos and Mavro Vouni andesitic and dacitic lava domes are from 
the SW of Milos, which were also formed in the submarine environment. These two domes only 
 
 70 
contribute minor volumes to the MVF. The volume of basaltic-andesitic to dacitic lavas during 
this period was limited. 
 
Figure 3.1 (A) Map of the South Aegean Volcanic Arc (SAVA) with major faults and active volcanic 
fields (VF). Black arrow represents the GPS-determined plate velocity from Doglioni et al. (2002). The 
Mid-Cycladic lineament (red-dashed line) separates the clockwise (west) and counter-clockwise (east) 
paleomagnetic rotations (two red arrows), based on Pe-Piper and Piper (2005a, 2013) and Papazachos 
(2019). (B) Simplified geological map of Milos with ages of key volcanic centres (after Zhou et al., 
2021). Ages are from: 1= Angelier et al. (1977), 2=Fytikas et al. (1986), 3=Stewart and McPhie (2006), 
4=Zhou et al., (2020). The descriptions of different proximal, medial and distal volcanic facies of Milos 






Figure 3.2 Three periods of different volumetric volcanic output of Milos with published age data 
(modified from Zhou et al., 2021). The left panel represents the major volcanic units of Milos, separated 
into 4 areas of Milos (NW, NE, SE and SW). Symbol colours: blue=basaltic-andesite or andesite, 
green=dacite, red=rhyolite. Other abbreviations: NS=Neogene sediments; MB=Metamorphic basement. 
The start of volcanic activity (3.34-3.54 Ma) on Milos and the age of the basement underneath Kimolos 
are not well constrained and indicated with question marks. Other islands in the middle panel represent 
the islands of Polyegos and Antimilos The right panel represents the different eruptive fluxes (Qe: long 
term volumetric volcanic output rate) of different periods of Milos. Period III is subdivided into a stage 
with low- and high-eruption frequency, based on changes in the eruption frequency (details in section 
4.2). (2) Period II (2.13-1.48 Ma) is characterised by a relatively high Qe (0.4-1.4×10-5 km3·yr-
1). The lava dome, Triades, and felsic cone volcanoes, Bombarda and Dhemenghaki, contributed 
substantial amounts of volcanic products to the MVF in volume of DRE (Dense rock equivalent 
volumes). They were formed in the submarine environment. Their volcanic products are dacitic-
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rhyolitic in composition and widely deposited on the north-western, northern and eastern parts of 
Milos. Two submarine-to-subaerial andesitic-dacitic lava domes, Kantaro and Korakia, only 
produced minor amounts of volcanics that were mainly products deposited in the northwest and 
north-east of Milos, respectively. 
(3) Period III (1.48-0.06 Ma) has the smallest Qe (0.2-0.3×10-5 km3·yr-1) compared with 
the earlier periods of the Milos volcanic history. The volcanic centres, that contributed limited 
volumetric products, are described as subaerial dacitic-rhyolitic volcanoes (Halepa and Plakes) 
and rhyolitic tuff cones (Trachilas and Fyriplaka complexes in the northern and southern parts of 
Milos) are concentrated along the horst - graben structure found on Milos island. 
3.2 Methods 
3.2.1 Numerical models applied for eruption frequencies 
In the last 20 years, three types of models that attempt to link the eruption size, eruption 
frequency, and magma chamber growth have been published. The first (Jellinek and DePaolo 
2003), the JDP03 model, tries to explain how large volumes of magma can accumulate in the 
upper crust over time intervals in the range of 105-106 years. According to JDP03 model, the 
viscoelastic behaviour of a magma chamber wall prevents over-pressurisation of the magma and 
therefore eruption. As a consequence, the time-scale for chamber pressurisation in the elastic 
regime is dependent on the size of the magma chamber. The recurrence interval between 
eruptions in JDP03 model is also correlated with the magma chamber volume, e.g., small magma 
chambers result in many small eruptions (<100 km3) whereas large magma chambers result in a 
few large eruptions (≥100 km3). Jellinek and DePaolo (2003) suggest that the long-term average 
flux of magma from depth (=Qav) and magma chamber volume are the main parameters that 
determine the eruption frequency. De Saint Blanquat et al. (2011), using a similar model, 
observed a positive correlation between the volume of a pluton and duration of pluton 
construction, which they attributed to the magma intrusion rate (=Qav). 
Caricchi et al. (2014, hereafter referred to as C14) developed a numerical model that uses 
Monte Carlo simulations to test which variables control the recurrence rate of eruptions with 
different magnitudes. The C14 model randomly varies the following input parameters: 1.) the 
long-term average magma supply rate (Qav), 2.) the magma flux during a single injection (Qinst), 
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3.) the viscosity of the crust (η), the overpressure for an eruption (ΔPcrit), the diameter of the 
single magma pulses (d) and 4.) the aspect ratio of these single pulses (d/h). The C14 model 
predicts that large eruptions (>50 km3) that occur after more than ~0.2 Ma of quiescence are 
controlled by buoyancy and that smaller, more frequent eruptions (<10 km3) are controlled by 
overpressure in a magma chamber. The C14 model results compare well with 24 historical 
caldera-forming eruptions with caldera diameters of 1-100 km. The outcome of their simulations 
suggests that Qav determines the volume of a single eruption and, ti, the time interval between 
magma injections into the subvolcanic reservoir determines the duration of the magmatic 
activity, identifying ti as important for understanding the eruption frequency of a volcanic 
system. 
The third model was originally developed by Degruyter and Huber (2014). This model 
was further refined in subsequent papers by Townsend et al. (2019) and Huber et al. (2019). We 
will refer to this group of models as the DHT14&19 model. DHT14&19 model is a numerical 
thermomechanical model that incorporates the volatile exsolution as an important parameter for 
the pressurisation of magma chambers. Degruyter and Huber (2014) provided expressions for 
time-scales of magma injection, cooling, and viscous relaxation of the surrounding crust in their 
equations 33-35 and eruption frequency in their equations 43-45. A thermomechanical algorithm 
developed in DHT14&19 model shows how the eruption frequency is controlled by different 
trigger mechanisms (second boiling, magma injection, and buoyancy). It also describes the 
relations between magma chamber growth rate (Gmc), Qav, magma compressibility, eruption 
frequency, and eruption size. The results of the DHT14&19 model display a good match to the 
eruption frequency and chamber growth rates of volcanoes in Chile, Italy, Japan, and Greece.  
All three models assume that an eruption starts as a dike propagates from the magma 
chamber to the surface. Heated magma needs to stay below a certain volume fraction of crystals 
(<0.5) and reach a critical overpressure to erupt, otherwise it will stall in the crust and form a 
pluton (e.g., Champallier et al., 2008 and Degruyter and Huber, 2014). This overpressure can be 
caused by the injection of new magma into the magma chamber, crystallization-induced 
exsolution of volatiles, and the influence of buoyancy (e.g., Jellinek and DePaolo, 2003; Fowler 
and Spera, 2010; Malfait et al., 2014; Caricchi et al., 2014). The JDP03 and DHT14&19 models 
are based on a spherical magma chamber with a constant Qav at a specified temperature and 
initial dissolved water content (commonly set at ~5 wt.%). The JDP03 model mainly studies the 
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large silicic magma chambers assuming an eruption volume of >100 km3, which are much larger 
than most of those assumed for the MVF (Zhou et al., 2021). Therefore, the JDP03 model was 
not used in this study. The DHT14&19 model focuses on the magma chamber growth during 
inter-caldera periods in the range of 10-100s kyr and is therefore suitable for short-term 
fluctuations in the eruption frequency. The C14 model considers a cylindrical shape of the 
magma chamber and the formation of sills over time instead of a simple sphere. The Qav and the 
size of the magma chamber in the C14 model are variable within a general range of thermal 
conditions in the magma reservoir (Caricchi et al., 2014). These settings make the C14 model 
appropriate for long-term volcanic activity (>1 Ma). In addition, the C14 model is designed for 
understanding global scale volcanism and neglects the effects of magma on the thermal and 
mechanical properties of the magma chamber and surrounding crust (i.e., collapse of the 
reservoir roof and rheological properties of magma itself).  
Thus, a combination of the C14 and DHT14&19 models enables us to better constrain the 
changes of Qav, ti, and the magma chamber growth rate (Gmc) over time-scales appropriate for the 
MVF. The C14 and DHT14&19 models both consider overpressure and buoyancy as triggers for 
eruptions. Note that dikes can also propagate from the magma chamber due to other external 
factors, such as crustal extension (Catalano et al., 2014), roof failure (Gregg et al., 2012) and 
seismic events (Gottsmann et al., 2009). 
3.2.2 Numerical modeling of the MVF as a long-lived volcanic filed 
We selected the C14 model as a starting point to explain the eruption frequency of the 
MVF. In this model, we can adjust the variables Qav, injection pulse diameter (d), and magma 
chamber shape. This is important because the MVF experienced three periods of different 
eruptive flux during its long volcanic history, and each of these periods produced variable 
eruption volumes with different eruption frequencies (Zhou et al., 2021). For example, at least 10 
eruptions occurred during 2.1-1.5 Ma contributing ~40% of the total volume to the MVF, 
whereas between 1.5 and 0.6 Ma only two eruptions from Halepa and Plakes lava domes added 
<2% by volume. Therefore, we expect that the Qav and d may have varied significantly during 
the volcanic history of the MVF. We changed the d between 0.1 and 10 km compared to 1-100 
km in the C14 model. This diameter range is smaller due to the small eruption volumes of Milos 
(<10 km3 in DRE) than for the large eruption volumes studied by Caricchi et al. (2014). The Qav 
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of the C14 model varies from 0.00001 to 0.1 km3·yr-1, comparable to the mass inflow rates of 
Degruyter and Huber (2014) and Townsend et al. (2019). In addition, the ΔPcrit is set between 
10-20 MPa, comparable to the values in the C14 and DHT14&19 models. The viscosity of the 
crust (ηcrust) was modelled with 1018 - 1020 Pa. s to fit the felsic magmatic settings of the MVF 
(e.g., Jellinek and DePaolo, 2003 and Townsend et al., 2019). The ti varies from 100 to 2500 yr 
with a step size of 0.1 yr (Table 3.1). Using this C14 model with modified input parameters, one 
million random and simultaneous runs wee performed and result in a robust constraint on the 
values of Qav and ti for the MVF that allows us to study the thermal evolution of the crust 
underneath Milos. 
Table 3.1. Parameters used in the C14 and DHT14&19 models 
Input variables for the Monte Carlo simulations (C14 model) Range of value 
Qav: Average flux of magma from depth (km3·yr-1) 0.00001-0.1 
Qinst: The magma flux during a single injection magma (km3·yr-1) 0.0001-1 
ηcrust: The viscosity of crust (Pa.s) 1018-1020 
Dmagma: The density of the magma (kg·m-3) 2300-2700 
Dcrust: The density of the crust (kg·m-3) 2700-2800 
∆Pcrit: The critical overpressure required for eruption (MPa) 10-20 
Vpl: The volume of cylindrical pulse (km3) 0.001-8 
d: The diameter of each pulse (km) 0.1-10 
d/h: The aspect ratio of a single pulse 100 
Maximum possible thickness of accumulated magma (km) 20 
ti: the time interval between magma injection (yr) 100-2500 
Input variables for the DHT14&19 model Related equation 
!: the density of magma 
V (Vres): the volume of the magma chamber (km3) 
Min: the rate of magma supplying in mass 
": thermal diffusivity of crust 




10-6 m2. s-1 
#in=!V/Min=V/Qav 
#cool: the time scale of magma cooling in magma chamber #cool=R2/" 
#relax: the time scale for viscous relaxation of the surrounding crust ~16kyr or ~160kyr 
 
tres=Vres/Qav 




Note. #in, #cool and #relax are from DHT14&19 model, their equations 33-35 (Degruyter and Huber, 2014) and the 
Townsend et al. (2019) equations 1-3 (Townsend et al., 2019); Vres and tres are from the C14 model (Caricchi et 
al., 2014). 
Caricchi et al. (2014) defined the duration of a magmatic episode as the time interval 
between the first injection into a magmatic reservoir and the eruption at the surface (see their 
Figure 3.2). However, it is impossible to obtain the exact timing of the first injection. Therefore, 
we assume that the time interval between two eruptions as the maximum duration of a magmatic 
episode, in which the first injection of a new episode immediately intrudes into the magmatic 
reservoir after the last eruption of the previous episode. The duration of a magmatic episode is 
calculated by the difference between two adjacent 40Ar/39Ar and/or K-Ar ages of Milos. If the 
eruptions occurred at the same location with overlapping 40Ar/39Ar and/or K-Ar ages (taken into 
account the age uncertainty at 2SD) and with similar geochemical compositions (difference of 
SiO2 <5 wt%), we assume these eruptions belong to one eruption event. Examples are the 
eruption ages of 2.36±0.02 - 2.42±0.04 Ma, 2.10±0.02 - 2.13±0.02 Ma and 1.48±0.04 - 
1.52±0.02 Ma in the west of Milos and of 0.011±0.04 - 0.06±0.01 Ma in the south (Figure 3.1B 
and Table 3.2). In the south-west and north-east of Milos, the dacite (sample G15M0015 of Zhou 
et al., 2021, 3.06±0.02 Ma) of the Profitis Illias crypto-dome, basaltic andesite (sample 
G15M0016 of Zhou et al., 2021, 2.66±0.01 Ma) of the dyke of Kleftiko and dacitic columnar 
jointed (sample G15M0006, 2.62±0.04 Ma) of Kalegeros crypto-dome are intrusions. Therefore, 
these emplacement ages were not considered as distinct eruption events in this study. Moreover, 
the eruption age of 1.95±0.45 Ma from the Adamas lava dome (Figure 3.1B; sample G15M0004 
of Zhou et al., 2021), was not used to calculate the length of a magmatic episode due to its large 
analytical uncertainty. The eruption age of 3.34±0.06 Ma from Kimolos (Fytikas et al., 1986) 
was set as the initial point to calculate the length of the first magmatic episode (0.3=3.34-3.04 
Ma) of the MVF in the C14 model. Taking these assumptions into account, there are 17 
magmatic episodes (Table 3.2).  
Caricchi et al. (2014) used results from thermal modelling of Annen (2009) to quantify 
the volume of eruptible magma in the magma chamber, and considered that any parcel of magma 
with less than 50 vol.% of crystals is eruptible. For the MVF, we used the erupted volumes from 
Zhou et al. (2021). It is important to note that the erupted volume cannot exceed the eruptible 
portion of the magma body (e.g., Annen, 2009). Blundy and Annen (2016) show that the volume 
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ratio of eruptible magma to magma forming plutons (VPR) is approximately 0.5 for magma 
chambers smaller than 100 km3. White et al. (2006) indicated that a ratio of extrusive (erupted) 
to intrusive volume is approximately 1:5 for most magmatic systems. Therefore, we assume that 
the eruptible volume of magma of the MVF equals twice the erupted volume.  
In the next step, we use the DHT14&19 model to constrain the Gmc for each magmatic episode 
(20-440 kyr). The duration of magma cooling (τcool), injection (τin), and viscous relaxation of the 
surrounding crust (τrelax) are required as input parameters (equations 33-35 in Degruyter and 
Huber, 2014 or equations 1-3 in Townsend et al., 2019). The ratios of τcool /τin (θ1) and τrelax/ τin 
(θ2) are used to constrain the Gmc for each magmatic episode. Although geomorphological data 
and isotopic dating (e.g., cosmogenic 36Cl measurements, Singer et al., 2018) can directly 
provide estimates of τcool, τin and τrelax on shorter time-scales of less than 100 kyr, these data are 
not available and cannot easily be reconstructed for the >3 Ma MVF. Therefore, we used the C14 
model to obtain estimates for these parameters. 
The magma reservoir volume (Vres) of the C14 model and the magma chamber volume 
(V) in DHT14&19 model are the same parameters, so we use Vres of the C14 model as an input 
parameter in the DHT14&19 model. In the C14 model, Caricchi et al. (2014) defined tres as the 
elapsed time that a reservoir of solid material stays above the solidus temperature and starts to 
accumulate melt, which is equal to the Vres / Qav. The tres is the approximate equivalent of τin in 
the DHT14&19 model. Unfortunately, the related τcool cannot be obtained from the C14 model 
but is based on equation 34 of Degruyter and Huber (2014) or equation 2 of Townsend et al 
(2019): τcool is equal to the square root of the radius of the magma chamber (=√d/2 in the C14 
model) divided by a constant, the thermal diffusivity of the crust (10-6 m2/s, Table 3.1). We 
assume two values for τrelax of ~16 and ~160 kyr. The ~16 kyr is consistent with a magma 
chamber depth of ~7.5 km, a normal continental geothermal gradient of 30ºC/km and a magma 
composition of andesite-dacite with SiO2 of volcanic units <72 wt.% (Table 3.2). The ~160 kyr 
value for τrelax is for a shallower depth (~5 km) with a more thermal mature crust and a rhyolitic 
magma composition ( >72 wt.%) (Karlstrom et al., 2010; Townsend et al., 2019).  
In order to validate the outcomes of both the C14 and DHT14&19 models for estimating 
the τcool and τin for the MVF, we compared the C14 and DHT14&19 models for the Laguna del 
Maule (LdM), Campi Flegrei (CF), Aso, and Santorini volcanic fields. Townsend et al. (2019) 
provides the estimates of τcool and τin for these volcanic fields. In the C14 model we used the data 
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of the eruption ages and volumes of Smith et al. (2011), Crosweller et al. (2012), Parks et al. 
(2012), and Singer et al. (2014), which are also used by Townsend et al. (2019). We used the same 
approach to calculate the duration of magmatic episodes and eruptible volumes of the LdM, CF, 
Aso, and Santorini volcanic fields as used for the MVF and converted their eruption volumes into 
DRE. The eruptible volumes of the large eruptions of Santorini (Minoan and Cape Riva) are 
considered to be the same as the erupted volumes (~82 and ~15 km3 in DRE). The CF Epoch 1 is 
set as the starting point to calculate the first magmatic episode of CF and hence is not included in 
the estimates of the C14 model. The magma of both the C14 and DHT14&19 models is set to 
contain 5 wt.% H2O.  
In addition, the Gmc based on the C14 model for the Santorini is calculated to compare the 
results with those of the DHT14&19 model to test the accuracy of our method by comparing our 
model results with those of previous studies (e.g., Degruyter et al., 2016; Townsend et al., 2019, 
2020). Townsend et al. (2019) estimated the Qav and Gmc of Santorini in pre- and post-Minoan 
periods spanning from Cape Riva (~0.021 Ma) to recent eruptions. We extended the pre-Minoan 
to the Cape Therma 1 (~0.36 Ma) to include most of the major explosive eruptions. The SiO2 
contents of the Santorini volcanic units are collected from Druitt et al. (1999). The data of DRE 
volume and the maximum duration for the Santorini volcanic episodes were calculated from 
Crosweller et al. (2012). 
3.3 Results 
3.3.1 Accuracy of the C14 model for estimates of !cool, !in, and Gmc	
The output of the C14 model provides constraints on the Vres and Qav of the LdM, CF, 
Aso, and Santorini volcanic fields. The comparison between the estimates of the C14 (tres and 
τcool_cal) and the DHT14&19 (τin and τcool) models is shown in Figure 3.3. The error bars of τcool 
and τin are not given because Townsend et al. (2019) did not provide these estimates. 
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Table 3.2. Repose time and eruption volume estimates of Milos volcanic units 
Database of SiO2 











Zhou et al. (2021) 
G15M0008 
Fyriplaka complex 
Rhyolite 76.7 0.062 0.003 
207 20.4 0.18 0.08 0.36 0.16 G15M0012 Rhyolite 75.5 0.07 0.01 
G15M0009 Rhyolite 76 0.11 0.02 
G15M0007 
Trachilas complex 
Rhyolite 76.7 0.317 0.004 95 5.66 0.39 0.13 0.78 0.26 
G15M0034 Rhyolite 76.9 0.51 0.02 120 28.28 0.39 0.13 0.78 0.26 
G15M0035 Rhyolite 78.4 0.63 0.02 340 63.25 0.39 0.13 0.78 0.26 
G15M0033 Kalamos lava dome Rhyolite 76.7 0.412 0.004 98 20.4 0.39 0.13 0.78 0.26 
G15M0013 Halepa lava dome Rhyodacite 72.9 1.04 0.01 440 22.36 0.9 0.3 1.8 0.6 
G15M0019 
Kontaro lava dome 
Dacite 64.3 1.48 0.02 
110 250.8 0.82 0.6 1.64 1.2 
G15M0020 Dacite - 1.52 0.01 
G15M0032B Dhemeneghaki volcano Rhyolite 75.6 1.825 0.002 145 10.2 7.13 4.13 14.26 8.26 
G15M0021 
Triades lava dome 
Trachy-dacite 65 1.97 0.01 130 14.14 2.4 1.1 4.8 2.2 
G15M0023 Dacite 73 2.1 0.01 
260 14.14 2.4 1.1 4.8 2.2 
G15M0024 Rhyolite 76.6 2.13 0.01 
G15M0025 
Mavros Kavos lava dome 
Dacite 69.6 2.36 0.01 
300 41.23 0.96 0.44 1.92 0.88 
G15M0026 Dacite 69.6 2.42 0.04 
Fytikas et al. 
(1986) 
M 27 Plakes lava dome Dacite 63.7 0.97 0.06 70 60.83 0.96 0.44 1.92 0.88 
M103 Korakia lava dome Andesite 58.7 1.59 0.25 120 254.95 0.82 0.6 1.64 1.2 
M146 Bombarda volcano Rhyolite - 1.71 0.05 115 50.04 7.13 4.13 14.26 8.26 
M164 Profitis Illias volcano Rhyolite-dacite - 3.08 0.08 260 100 3.1 1.8 6.2 3.6 
M135 Kimolos volcano - - 3.34 0.06 - - - - - - 
Angelier et al. 
(1977) 
Angelier_5 Mavro Vouni lava dome Andesite - 2.5 0.09 160 98.49 0.96 0.44 1.92 0.88 
Stewart and 
McPhie (2006) 
MIL365 Fylakopi volcano Rhyolite-dacite - 2.66 0.04 400 44.72 2.85 1.65 5.7 3.3 
Note. ReTime: Repose time-- the time interval between eruptions, which is equal to maximum duration magmatic episode; DRE: Dense rock equivalent volumes of eruption; EV: 




Figure 3.3 (A) Comparison of the tres from C14 and the τin from the DHT14&19 models. The tres is equal 
to the magma chamber volume (the reservoir volume—Vres in C14 model) divided by magma supply rate 
(average flux of magma from depth, Qav). (B) Comparison of τcool_calc and τcool. The τcool is derived 
from DHT14&19 model, whereas the τcool_calc is equal to the square of the radius of a magma chamber 
(=d/2 in C14 model) divided by the thermal diffusivity of crust (10-6 m2/s). The τcool and τin represent the 
time-scales for magma cooling and injection in DHT14&19 model. The error bars of τcool and τin from 
the DHT14&19 model were not given by Townsend et al. (2019). Abbreviations: LdM Holocene=Laguna 
del Maule Holocene; LdM-EPG=Laguna del Maule Early-Post-Glacial period; CF2=Campi Flegrei 
Epoch 2 and CF3= Campi Flegrei Epoch 3.  
There is a good match between tres and τin for magmatic systems with short time-scales 
(<10 kyr) of magma injection and small eruptions Aso, CF Epoch 2+3, and Santorini post-
Minoan (Figure 3.3A). In magmatic systems with relatively long time-scales (>10 kyr) of magma 
injection and caldera-forming eruptions (Santorini pre-Minoan and LdM EPG), the tres based on 
the C14 model does not overlap with the τin of the DHT14&19 model. However, this method is 




(section 3.2) is designed for small eruptions (<10 km3 in DRE). In Figure 3.3b, the τcool_cal of the 
C14 model is comparable to the τcool from the DHT14&19 model for both small and large 
eruptions. 
3.3.2 Geological constraints for Milos and Santorini and their implications for the 
models 
The age distribution of the volcanic units of Milos indicates that the eruption frequency 
varied during its volcanic history (Figure 3.2). Based on the variations in whole-rock silicate 
content and the duration of magmatic episodes, we have further divided the volcanic history of 
Milos into four periods (Figure 3.4A). The first two periods are consistent with the Period I and 
II of Zhou et al. (2021). They are also referred to as Period I and II in this study. We only further 
divided the Period III of Zhou et al. (2021) into two periods based on their different eruption 
frequency (Period III with low and high frequency). The Period I (~3.3 to 2.13 Ma; Zhou et al., 
2021) is characterised by magmatic episodes with a long duration of >150 kyr and the 
composition of Period I changes from dacitic to rhyolitic (63-75 wt. % of SiO2).  The Period II 
(2.13-1.48 Ma; Zhou et al., 2021) has at least five relatively short magmatic episodes (100-150 
kyr). The composition of Period II units has a relatively wider range compared to that of Period 
I, varying from andesitic to rhyolitic in composition (57-75 wt. % of SiO2). The Period II was 
followed by only two eruptions between 1.48 and 0.60 Ma which we define here as Period III 
with low frequency. During the Period III with low frequency, the magmatic episodes are very 
long (>300 kyr) and the volcanic units became more felsic. In the last period (0.60-0.06 Ma), 
defined as Period III with high frequency, the magmatic episodes are mainly shorter than 120 kyr 
and produced pumice with SiO2 >75 wt.%. There is a risk that not all eruptions of the MVF in 
the past 3.5 Ma are included and therefore model input data is not complete. All the major 
volcanic units are included in this study based on the results of previous studies (e.g., Fytikas et 




Figure 3.4 Cumulative eruption volume versus time for the volcanic deposits of (A) Milos and (B) Santorini. The cumulative eruption volume curves of 2 
Figure 3.3A and 3.3B were modified based on Zhou et al. (2021) and Crosweller et al. (2012), respectively. Composition (SiO2 wt.%) of the 3 
erupted products are shown (data from Fytikas et al., 1986, Druitt et al., 1999a and Zhou et al., 2021). The exact volume of Milos volcanic 4 
products between 3.5 and 3.08 Ma is not well constrained and indicated with a question mark. Note the shift to more felsic compositions over 5 
time for both volcanic fields. Only the approximate estimates for Santorini are reported due to the unknown uncertainties. Abbreviations: 6 
SW=South West; W=West; NW=North West; N=North; S=South; SE=South East; VF=Volcanic Field.7 
 (B) (A) 
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The pre-Minoan period of Santorini was separated into pre-Minoan periods 1 and 
2 based on the composition of volcanic products, eruption frequency, and volume 
(Figure 3.4B). The pre-Minoan period 1 includes the magmatic episodes of Cape 
Therma 1-3 (0.36-0.25 Ma), Lower Pumice 1-2 (0.18-0.17 Ma) and Cape Thera (~0.14 
Ma), which only added ~7.4 km3 in DRE of andesitic-dacitic and rhyolitic volcanic units 
(Druitt et al., 1999). The pre-Minoan period 2 added a larger volume (~27 km3 in DRE) 
to Santorini than period 1 and the composition of volcanic units became more felsic 
(andesite—rhyolite) from ~0.1 to 0.021 Ma (Cape Riva). The eruptions of the pre-
Minoan period 2 occur along a pre-existing caldera rim. The last caldera-forming 
eruption of Santorini, the Minoan eruption, contributed ~70% (rhyodacite) by volume 
(DRE) covering most of Santorini. Since then only ~0.05 km3 (DRE) of dacitic lavas 
were produced, mainly on the Kameni islands (Druitt et al., 1999), which are considered 
to represent the post-Minoan period. 
3.3.3 Results of the DHT14&19 and C14 models for Milos and Santorini 
VF 
Figure 3.5 shows the results of the C14 model with the input parameters tailored 
to the Milos and Santorini volcanic fields. Buoyancy-driven eruptions generally have 
larger eruptible magma volumes in their magma reservoirs (>10 km3) (Caricchi et al., 
2014). Buoyancy did control at least one eruption (eruptible volume >10 km3 in DRE) 
during the Period II of the MVF (2.13-1.48 Ma), resulting in a Vres of 0-45 km3, Qav of 
0.002-0.003 km3.yr-1 and ti= 0.1-0.2 kyr. Furthermore, the Gmc varies between 0.001-
0.0001 km3·yr-1 based on the DHT14&19 model. The other eruptions of Milos are mainly 
triggered by magma injection. During the Period I and II of the MVF, the long duration 
of magmatic episodes (>120 kyr) and relatively large eruptible volumes (1-10 km3 DRE) 
could be triggered by either buoyancy or magma injection or both (Figure 3.5). With 
relatively infrequent magma injections (ti= 0.2-0.5 kyr), the Vres (<30 km3) and Qav 
(<0.003 km3·yr-1) of these two periods are small, but the Gmc (0.01-0.001 km3·yr-1) is high. 
The Period III with low frequency of the MVF (1.48-0.60 Ma) is characterised by a long 
ti (0.5-2.5 kyr), low Qav (<0.001 km3·yr-1), and small Vres (<20 km3). The Gmc of this period 
significantly decreased from more than 0.001 to less than 0.0001 km3·yr-1. An exception 





Figure 3.5 Results of Monte Carlo simulations based on the C14 model (Caricchi et al., 2014) 
compared to the eruptions of Milos (four periods: 3.3-2.1, 2.1-1.5, 1.5-0.6 and 0.6-0.06 Ma) and 
Santorini volcanic fields (0.36-0.003 Ma). (A) C14 model with a range of 1-45 km3 magma 
chamber volumes. This diagram shows that most small eruptions (<10 km3) of Milos and 
Santorini are triggered by magma injection, and the large erutpions (>10 km3 in DRE) are 
generated by buoyancy. (B) C14 model for different Qav. The Qav varies from 0.0001 to 0.005 
km3·yr-1. (C) C14 model with variable time intervals between injections (ti). The ti ranges 
between 100 and 2500 yr with an interval of 0.1 yr. Most small volume eruptions of Milos and 
Santorini can be explained with Qav =0.001-0.003 km3·yr-1 and ti=100-2500 years. The larger 
eruptions of Milos and Santorini are triggered by buoyancy with a relatively higher Qav (0.002-
0.005 km3·yr-1) with short ti (100-200 years). Several magmatic episodes of Milos with long 
duration (>300 kyr; grey circle) and small eruptible volume (<1 km3 in DRE) are fed by a low 
flux of magma (Qav ≤ 0.001 km3·yr-1) with long ti (500-2500 years). 
Most (> x%) of the young volcanic eruptions on Milos and Santorini are characterised by 
short magmatic episodes (<120 kyr) and small eruptible volumes (<1 km3, Figure 3.5). 
The results of the C14 model show a variable Vres (5-10 km3 for the magmatic episode 






magma injection (ti = 0.1-0.2 kyr) for these young volcanic units (Figure 3.5B and 3.5C). 
However, the outcome of the DHT14&19 model shows different Gmc for these young units 
of Milos and Santorini (Figure 3.6A-C). During the pre-Minoan period 1-2, the Gmc of 
Santorini mainly varies between 0.001 and 0.003 km3·yr-1 based on the C14 model, 
comparable to that of the DHT14&19 model (~0.001 km3·yr-1). The Gmc (>0.001 km3·yr-
1) of the young Milos volcanic units (<0.6 Ma, Figure 3.6) is lower than those of the pre-
Minoan period 1 and 2 of Santorini but comparable to the estimate of the post-Minoan 
period from Townsend et al. (2019). 
In Figure 3.5A, the buoyancy-triggered Minoan caldera-forming and the large 
volume Cape Riva eruptions of Santorini cannot be modelled with the C14 model with 
the modified input parameters (section 3.2) due to their very short magmatic episodes (<5 
kyr). However, these two exceptions will not affect the discussion of the MVF because 
they are not relevant for the small- volume eruptions. Furthermore, the estimation on Qav 





Figure 3.6 Magma chamber growth rates for Milos (3.3-0.97 Ma) (A-C), Milos (0.6-0.06 Ma) 
and Santorini (D) for magmas with 5 wt.% water, based on the thermo-mechanical model of 
Townsend et al. (2019). The τrelax is set as two constants, 16 kyr as in Townsend et al. (2019) 
which is appropriate for a chamber at ~7.5 km depth with a normal geothermal gradient (30 
°C/km), and 160 kyr corresponding to a shallow depth (~5 km) with more thermal mature crust 
(Townsend et al., 2019). Data sources for Santorini are obtained from the model results of 
Figure 3.4.  
3.4 Discussion 
3.4.1 The influence of ti, Qav and Gmc on the eruption frequency 
Based on the C14 and DHT14&19 models, we can distinguish variations in 
potential parameters controlling the eruption frequency of the long-lived Milos volcanic 
field. The potential parameters include the injection frequency (1/ti), the average long-
term flux of magma from deep (Qav) and magma chamber growth rate (Gmc) (Figure 3.7). 
The Period I, II, III with low and high frequency of the Milos volcanic history have 
different and systematic variations in ti, Qav, and Gmc: 
During the Period I (~3.3-2.1 Ma) the SiO2 content of the MVF volcanic products 
are more variable (andesite-rhyolite) before 2.7 Ma and dacitic after 2.7 Ma (Figure 3.4A). 
The relatively high Qav (>0.001 km3.yr-1) and moderate ti (0.2-0.5 kyr) correspond to a 
relatively high Gmc (>0.001 km3·yr-1). These characteristics could keep the magma molten 
and eruptible during the Period I even though the eruption frequency is low (>200 kyr). 
Magmas were probably stored in upper crustal reservoirs where they could fractionate to 
more felsic compositions and increase the time-scale for viscous relaxation of the 
surrounding crust ("relax) up to ~160 kyr (see section 3.2). The increased "relax leads to a 
decrease in Gmc (0.0001-0.0003 km3·yr-1) at the end of the Period I (Figure 3.7C).  
The Period II (2.13-1.48 Ma) consists of relatively more frequent eruptions (<160 
kyr) and has similar estimates for Qav, ti, and Gmc as obtained for the first period. However, 
two magmatic episodes (1.6-1.5 Ma and 1.97 Ma) of the Period II show higher Qav (>0.002 
km3·yr-1), more frequent injection (ti<0.2 kyr) and lower Gmc (0.0001-0.0003 km3·yr-1). 
These two episodes produced rhyolitic volcanic units in the north-eastern part of Milos. 
The high viscosity of the surrounding crust could have resulted in a decrease of the Gmc.  
The Period III with low frequency (1.48 to 0.60 Ma) is characterised by a 
significantly lower Qav (<0.001 km3·yr-1), Gmc (<0.0001 km3·yr-1), and long ti (>0.5 kyr), 
that corresponds to the low eruption frequency (>350 kyr at average) during this period. 
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These parameters resulted in a small heat flux from deep (e.g., hot-zone, Annen et al., 
2006) that was probably too low to cause fast accumulation of eruptible magma (e.g., 
Caricchi et al., 2014). Therefore, during a ~1 Ma period with low eruption frequency the 
magma chamber grew slowly (Figure 3.6C) and plutons probably formed in the crust 
underneath Milos.  
During the Period III with high frequency (0.60 Ma-present), there are sudden 
increases in Qav (>0.001 km3·yr-1) and injection frequency (1/ti >2 kyr-1). These abrupt 
changes resulted in several small-volume eruptions (eruptible volume <1 km3) until 0.3 
Ma. Between 0.30-0.06 Ma, the Qav and ti have similar characteristics to those of the 
Period III with low frequency after a relatively long period of quiescence (~200 kyr). All 
volcanic units of 0.60-0.06 Ma are composed of rhyolitic pumice and lava. The Gmc of 
this period is not higher than 0.0001 km3·yr-1 due to the long "relax, similar to the other 
magmatic episodes that produced rhyolites. The ti of 0.6-0.3 Ma of the MVF is comparable 
to the pre-Minoan period 1-2 (0.36-0.021 Ma) of Santorini, whereas the Qav and Gmc are 
lower than those of the pre-Minoan period 1-2. The relatively mafic eruptible magma of 
the pre-Minoan period 1-2 and high Qav probably resulted in the very high Gmc (>0.002 
km3·yr-1), which could provide conditions for the Minoan caldera-forming eruption. 
3.4.2 Variable ti, Qav and Gmc as indicators for changes in tectonic stress 
Three time periods separate the Milos volcanic history (2.0-1.9 Ma, 1.5-1.4 Ma, 
and 0.6-0.5 Ma), that overlap with abrupt changes in ti, Qav, and Gmc. An external 
trigger, such as changes in the regional tectonic stress field (e.g., Jellinek and DePaolo, 
2003; Caricchi et al., 2014), could have caused these abrupt changes. There were four 
major changes in the regional stress field (Figure 3.7D) during the development of the 
MVF. Van Hinsbergen et al. (2004) found that marine sediments underlying the volcanic 
units of Milos record up to 900 m of subsidence between 5.0-4.4 Ma, approximately 1.5 
Ma before the first volcanic eruptions occurred in the MVF (~3.3 Ma). They interpreted 
this subsidence as evidence for the start of (regional) extension. Armijo et al. (1992) 
inferred that the change in direction of the major extensional faults from N-S to E-W in 
the late Pliocene (~2-4 Ma) resulted from the collision between the Aegean plate and the 
northern margin of Africa. The periods of the tectonic stress transitions overlap with 
rapid changes in our estimates of Qav, ti, and Gmc at ~2.0 Ma when felsic volcanic units 




Figure 3.7 (A) The variation of ti (time interval between magma injections) versus the eruption 
age for volcanic units of the Milos and Santorini volcanic fields. (B) The variation of Qav (the 
average long-term flux of magma from deep) versus eruption ages for volcanic units of Milos 
and Santorini volcanic fields. (C) The variation of Gmc (magma chamber growth rate) versus 
eruption ages for volcanic units of Milos and Santorini volcanic fields. (D) Tectonic stress field 
in the SAVA during the last 5 Ma (Armijo et al., 1992; Duermeijer et al., 2000; Piper and 
Perissoratis, 2003; Van Hinsbergen et al., 2004). The error bars for the data of the Santorini 
volcanic field are larger than the scale of the figure. The variables ti, Qav and Gmc of the Milos 
volcanic field between 3.5 and 3.34 Ma are unknown and indicated with a question mark. 
During periods of extension the injection frequency (1/ti), Qav and Gmc are larger than in the 
periods of rotation (and compression). See text for further discussions. 
It is conceivable that during (regional) extension, it became easier for viscous 
felsic melts to ascend to the surface, which may have resulted in higher magma fluxes, 
chamber growth rates, and more frequent injections. Duermeijer et al. (2000) suggested 
that during the Pleistocene (at least younger than ~1.8 Ma) both clockwise and 
anticlockwise rotations of the old western and young eastern SAVA occurred, 
respectively. Milos is located on or close to the Mid Cycladic lineament, a zone 










experienced a compressional stress field due to rotations of crustal blocks north-west 
and south-east of the Mid-Cycladic lineament during the Pleistocene. Compression may 
have suppressed the magma flux and injection frequency of Milos magmatic system 
since 1.5 Ma (Figure 3.7). This in turn may have caused the low Gmc between 1.55 and 
0.59 Ma, except for the magmatic episode of <100 kyr which could have been triggered 
by a fault activated by rotation (e.g., Jellinek and DePaolo, 2003). Piper and Perissoratis 
(2003) suggested that the Aegean region experienced a change in the tectonic stress field 
around 0.7 ± 0.2 Ma when predominantly E-W faults were superseded by N-S faults. 
During a third period of extension (0.9-0.5 Ma) the magma flux, frequency of magma 
injection, and chamber growth rate could increase again (Figure 3.7). The regional 
change in the tectonic stress field, compression-extension, could also have been a factor 
for the caldera-forming eruptions of Santorini. Differences in the local tectonic stress 
fields may have caused more frequent injections and a higher chamber growth rate at 
Santorini than at the MVF (Figure 3.7). 
Pe-Piper and Piper (2013) found a similar change in tectonic stress field in the 
Methana volcanic field (Figure 3.1A). Volcanism on Methana started at ~3 Ma during a 
phase of regional E-W extension. Extension occurred again around ~2.1 Ma as the NE-
SW strike-slip faults began to form that could have resulted in the formation of calderas 
(e.g., Pe-Piper and Piper, 2013). The last phase of extension on Methana started at ~0.4 
Ma when the E-W faults were active near the Methana and Milos volcanic fields. In 
addition, Elburg et al. (2018) suggested a period of compression for Methana between 
3.5 and 1.4 Ma, overlapping with the timing inferred from this study (~1.55 Ma).  
3.5 Conclusions 
(1) The ~3.3 Ma volcanic history of Milos can be subdivided into four periods 
(Period I, II, III the latter with low and high eruption frequency) based on the 
frequency of eruptions and major-element composition of the eruption products. We 
applied two numerical models, one of Caricchi et al. (2014) (C14) and the other from 
Degruyter and Huber (2014) and Townsend et al. (2019) (DHT14&19) to evaluate the 
controls on eruption frequency. The C14 model is used to investigate which 
parameters might be responsible for the alternation of periods with eruptions versus 
periods of quiescence. The DHT14&19 model provides tools to relate the eruption 
frequency to the magma chamber growth of the individual magmatic episodes. The 
results of both models suggest that a high magma flux (Qav>0.001 km3·yr-1), and 
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frequent injections (ti<0.5 kyr) result in a high rate of magma chamber growth (>0.001 
km3·yr-1) and frequent eruptions on Milos and Santorini. On the other hand, a low Qav 
(<0.001 km3·yr-1), infrequent injections (ti>1.0 kyr), and high viscosity of the 
surrounding crust do not result in fast magma chamber growth and frequent eruptions.  
(2) We suggest that changes in tectonic stress field in the SAVA between 2-4 
Ma and 0.9-0.5 Ma from compression to extension opened channels in the crust that 
enabled a higher magma flux and more frequent injections at ~2.1 Ma and ~0.6 Ma. 
The clockwise and anticlockwise rotations of crustal blocks near Milos between 1.5-
~0.6 Ma resulted locally in a compressional stress field that inhibited magmas from 
rising to the surface, resulting in the formation of plutons and a drop in eruption 
frequency.  
(3) Based on the modelling and rock major-element chemistry and 
geochronological data, we propose that the abrupt changes in Qav, ti, and Gmc can best 
be explained by changes in the tectonic stress field. 
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4. Complex modifications of primary magmas of the 
Milos Volcanic Field by crystal fractionation and 
resorption, crustal assimilation and magma 
recharge 
Xiaolong Zhou, Martijn Klaver, Klaudia Kuiper, Jan Wijbrans, and Pieter Vroon 
 
Abstract: This study reports thirty-two whole-rock major and trace-element compositions 
and combined Sr-Nd-Pb-Hf isotope ratios for the Milos Volcanic Field (MVF) from the 
South Aegean Volcanic Arc. Isotopic ratios were also determined for twelve of 
metamorphic rocks from Santorini and Ios to characterise potential assimilants of the 
lower and upper continental crust in the Aegean Sea area. Volcanic rocks of Milos are 
characterised by large variations in composition, e.g., SiO2=53.0-78.4 wt.%, Dy/Yb=1.0-
1.8, 87Sr/86Sr=0.704-0.708, 143Nd/144Nd=0.51231-0.51272, 206Pb/204Pb=18.72-19.09. 
Based on texture, the volcanic samples can be subdivided in four different groups with a 
large range in crystallinity: 1-45 vol.%. The large variations in radiogenic isotopes without 
systematic correlations with fractionation indexes suggest a complex magmatic system 
with magma recharge and assimilation of upper and lower crustal lithologies. Classical 
and energy-constrained AFC models are not capable of explaining the low Dy/Yb ratios 
and relatively constant Cr and Sr concentrations. Combinations of trace-element and 
isotope modelling suggest that the MVF is best explained by a Deep Crustal Hot Zone, in 
which assimilation of lower continental crust occurs at >15 km depth. Melts produced in 
the Deep Crustal Hot Zone resorb variable proportions of older olivine-clinopyroxene 
cumulates that result in high Cr concentrations and low Dy/Yb. Mixing with more mafic 
melts during ascent/storage in the upper crust produces the hybrid melts that also 
assimilate small quantities of hydrothermally altered material and upper continental crust. 
The oldest magmas of the MVF (Period I, 3.3-2.1 Ma) show the least pronounced effects 
of cumulate resorption and largest amounts of lower crustal assimilation, whereas magmas 
of Period III (1.5-0.0 Ma) assimilate the smallest amount of lower crust coupled with the 




The classical view that a large amount of magma resides in a magma chamber in 
the upper crust, with crystal fractionation, assimilation of upper crustal wall rock and the 
expulsion of volatiles is inconsistent with recent observations using geophysical 
techniques (e.g., Cashman et al. 2017). It is more likely that under volcanic centres a large 
region of crystal mush develops which extends from the lower to the upper crust that is 
called a trans-crustal magmatic system (TCMS) (Cashman et al., 2017). In such a crystal 
mush, the magmatic system spends most of its time in a highly crystalline state (less than 
10% melt) and only intermittently magma will accumulate in an upper crustal reservoir. 
In the crystal mush, interstial melts can mix with melt derived from the wall rock 
(assimilation) or resorb crystals from the mush when these become unstable due to 
changing P-T-pH2O conditions (e.g., Klaver et al., 2018). This model suggests also that 
the conditions for differentiation of magmas and the assimilation of crustal material into 
the melt are more likely to occur in the lower crust, where the temperature contrast 
between melt and wall rock is more favourable than in the upper crust.  
There is clear evidence that in arc magma plumbing systems mafic and felsic melts 
mix on a large scale (e.g., Reubi and Blundy, 2009). The origin of the mafic melts in the 
mantle wedge is well established, but how large amounts of rhyodacitic melts are 
generated beneath arc volcanoes is still a matter of debate (e.g., Klaver et al., 2018). 
Although large scale mixing and homogenisation of felsic and mafic melts in crustal 
magmatic systems have been proposed (e.g., Hildreth and Moorbath, 1988; Huppert and 
Sparks, 1988; Annen et al., 2005), the details of the assimilation processes in both the 
lower and upper crust are not well quantified.. 
For many volcanic systems the evolution of this TCMS over time is unknown. For 
example, it is unclear if the amount of assimilation of lower and or upper continental crust 
decreases over time as the magmatic system is sealed off from the crustal rocks. Another 
possibility is that increases in the amount of basaltic magma entering the TCMS could 
result in increased assimilation and generation of felsic melts. There are also only a limited 
number of studies that have documented changes in eruption volume, textural 
characteristics and the chemical composition of the magmas over time after formation a 
TCM system. 
This study focusses on the temporal development of the Milos Volcanic Field 
(MVF) of the South Aegean Volcanic Arc (SAVA). The MVF has developed over the last 
 
 93 
3.5 Ma and is characterised by periods of variable volcanic output, two low and one high 
(Zhou et al., 2021). It is therefore a perfect natural laboratory to investigate the formation 
and changes in the TCMS system. The study addresses the following questions: 
1. Is assimilation in the MVF constant through time or does it vary with the changes 
in the volcanic output rate? 
2. Does assimilation in the MVF occur in the upper or lower continental crust, and 
does this change over time? 
3. Is assimilation responsible for the generation of large quantities of rhyodacitic 
magma, or are other processes responsible? 
4. The MVF has two periods of low volcanic output separated with a 1 Ma period of 
high volcanic output. Is assimilation more pronounced in the low or high volcanic 
output periods? 
We will show that assimilation of lower and upper-crust lithologies is an important 
process in the MVF and that the type and amount of assimilants are controlled by changes 
in the volcanic output rates. 
 
Figure 4.1. Map of the eastern Mediterranean Sea and the South Aegean Volcanic Arc. The red 
triangles represent the volcanic fields (VF) of Susaki (west), Aegina-Poros-Methana (west); 
Milos (west-central), Christiana-Santorini-Kolombo (central) and Kos-Nisyros-Yali (east). The 
depth of the Moho is indicated by the green-blue colours and is based on Tirel et al. (2004). Red 
contour lines show the depth to the Benioff zone (Hayes et al., 2018). Black arrow represents the 
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GPS-determined plate velocity of the Aegean microplate relative to the African plate (Doglioni 
et al. 2002). 
4.1.1 Geological background 
The MVF is part of the South Aegean Volcanic Arc (SAVA), which comprises the 
following volcanic centres from west to east: Sousaki Volcanic Field (4.1-2.3 Ma), the 
Aegina-Poros-Methana Volcanic Field (4.7-0.0 Ma), the MVF (~3.5-0.0 Ma), the 
Christiana-Santorini-Kolombo Volcanic Field (>0.6-0.0 Ma) and the Kos-Nisyros-Yali 
Volcanic Field (3.4-0.0 Ma) (Figure 4.1, Vougioukalakis et al., 2019). The Aegean Sea 
continental crust is composed of the East and West Aegean blocks that turned counter-
clockwise and clockwise, respectively, since the Mid-Miocene. These two blocks are 
separated by a linear feature, the Mid-Cycladic Lineament that runs close to or beneath 
Milos (Walcott and White, 1998; Vougioukalakis et al. 2019). The Mid-Cycladic 
Lineament results in normal faulting with a NE-SW direction in the neighbourhood of 
Milos. 
The magmatism in the SAVA is an expression of subduction of the eastern 
Mediterranean lithosphere beneath the Aegean Sea, which results in three components: a 
non-volcanic compressional outer arc (Peloponnesus Peninsula, Crete, and Rhodes; 
(Figure 4.1), the above-mentioned SAVA, and an extensional back-arc basin (the Aegean 
Sea; Fig 1) (e.g., McKenzie, 1978; Papazachos, 2019). Although earthquakes have only 
been recorded to a depth of 180 km, seismic tomography studies have shown that the 
subducted Eastern Mediterranean lithosphere is present to a depth of approximately 1400 
km (Spakman et al. 1988; Bijwaard et al. 1998). New 3D geometry seismic models 
indicate that the subducted eastern Mediterranean lithosphere reaches a depth of 80-140 
km beneath the volcanic centres of SAVA (Hayes et al., 2018; Figure 4.1). GPS data 
establish that the recent convergence rate is approximately 37 mm.yr-1 in an SW direction 
(e.g., Doglioni et al. 2002; Fig 1.).  
The Milos archipelago consists of four large islands, Milos, Kimolos, Polyegos 
and Antimilos; Figure 4.2). The islands of Kimolos and Polyegos contain the older 
volcanic products with K-Ar ages of approximately 3.3 and 2.3 Ma, respectively (e.g., 
Fytikas et al., 1986, Francalanci et al., 2007). The composite volcano of Antimilos is built 
up from younger volcanic units (~0.32 Ma) (Fytikas et al., 1986). Milos is a 151 km2 
island and contains 3.5 - 0.05 Ma old volcanic deposits (Fytikas et al., 1986; Zhou et al., 





Figure 4.2. The distribution of volcanic textural types on Milos (map after Fytikas et al., 1986; 
Grasemann et al., 2018). Ages of volcanic deposits are from Angelier et al., 1977, Fytikas et al., 
1986, Stewart et al., 2006 and Zhou et al., 2021. The textural type of volcanic rocks from Profitis 
Illias, south-west of Milos is unknown due the high degree of alteration and indicated by a 
question mark. The white solid circles indicate the sample locations. 
The stratigraphy of the MVF has been discussed by Angelier et al. (1977), Fytikas 
et al. (1986), Stweart and McPhie (2006) and Zhou et al. (2021) (Figure 4.3). The K-Ar 
studies of Angelier et al. and Fytikas et al. (1986) divide the stratigraphic succession into 
several units, of which Fytikas et al. (1986) defined four different series. Stewart and 
McPhie (2006) use facies analysis to define several distinct facies and note that the Basal 
pyroclastic series of Fytikas et al. (1986) also contains younger submarine felsic crypto-
dome/pumice cone volcanoes. Finally, Zhou et al. (2021) divided the volcanic products 
of the MVF into three different periods based on the average volcanic output rate (Qe). 
Period I (~3.3-2.1 Ma) and III (1.5-0.0 Ma) have a low Qe (0.2-1.4×10-5 km3.yr-1), whereas 
Period II (2.1-1.5 Ma) is characterized by a high Qe (3.0 ± 1.7×10-5 km3.yr-1). In this study, 
we will assess the temporal evolution of the MVF over the three different periods of Zhou 
et al. (2021). 
 
 96 
A large shallow hydrothermal system was probably active during most of the 
volcanic history of the MVF. During Period III this resulted in frequent phreatic activity. 
Hydrothermal activity has also been responsible for the deposition of Mn-Pb-Zn ores in 
Vani (Figure 4.2) and the large scale alteration of the volcanic units of Period I and III 
since at least 2 Ma. Geochemical data of the Milos volcanic products have been published 
by Wyers et al., 1986; Fytikas et al., 1986; Briqueu et al., 1989 and Stewart, 2003. 
4.1.2 Basement of the South Aegean Volcanic Arc 
The crustal thickness is thicker in the western sector of SAVA (~30 km) than the 
east (~25 km) and the thinnest part occurs beneath Santorini (<25 km, Figure 4.1) (e.g., 
Tirel et al., 2004; Karagianni et al., 2005; Di Luccio and Pasyanos, 2007; Endrun et al., 
2008; Konstantinou, 2010). These studies report a thickness of 15 km for the upper crust 
and 10 km for the lower crust. A combination of shear wave velocities and petrological 
data suggest that the upper crust is composed of quartzite or granitic gneiss and the lower 
crust of dolerite or mafic granulite beneath the SAVA (Christensen & Mooney, 1995; Zhu, 
Mitchell, Akyol, Cemen, & Kekovali, 2006). Representative parts of the undifferentiated 
mid/lower crust can be found in core complexes in central Ios, central Naxos, and south-
west Syros. Metapelites and marbles of Santorini, and more generally the Cycladic 
Blueschist Unit, could be representative for the upper crust of the central sector of the 
SAVA (Klaver, 2016b; Grasemann et al., 2018). Similar to Santorini, the basement of 
Milos is composed of greenschist and blueschist facies metamorphic rocks (Fytikas et al., 
1986; Grasemann et al., 2018) that crop out at the south and eastern parts of Milos (Figure 
4.2). Marble has only been observed as lithic blocks in pyroclastic and phreatic deposits 
near Halepa and the south-east of Milos (Figure 4.2) (Grasemann et al., 2018 and reference 
therein). Two exploration wells north of the Fyriplaka volcanic centre identified 
metamorphic basement at the depths of 0.15 to 1.38 km, below the volcanic deposits 
(Kyriakopoulos, 1998). Neogene sediments, that also contain 5 volcanic ash layers lie 




Figure 4.3. Division of the MVF history in three Periods based on changes in the long term 
volcanic output rate (Qe) (Zhou et al., 2021). The left column shows the cumulative volume 
erupted in Dense Rock Equivalent (DRE) on Milos over ~3.34 Ma (Stewart and McPhie, 2006, 
Zhou et al., 2021). The petrography textures types (Type A-D) as defined in this study are shown 
the right panel. See text for discussion. 
4.2. Analytical methods 
4.2.1 Sample preparation  
Approximately 2 kg of sample was collected from all major volcanic units on 
Milos (Figure 4.2) and the metamorphic rocks of Santorini and Ios. Each sample was cut 
into ~3-5 cm3 cubes with a diamond saw to remove alteration and weathered parts. These 
cubes were ultra-sonically cleaned for 30 minutes in demi-water to remove dust and 
dissolve seawater deposits and then dried in a furnace overnight at 50 °C. Dry sample 
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cubes were crushed and powdered in a steel jaw crusher. A split of the crushed volcanic 
samples was sieved, and zircon was extracted with heavy liquids (IJlst, 1973). Another 
split of both the metamorphic and volcanic samples was powdered with an agate shatter 
box and agate ball mill to a grain size of less than 2 μm.  
4.2.2 Whole-rock major- and trace-elements by WD-XRF  
Major-element concentrations were determined by wavelength dispersive X-ray 
fluorescence spectroscopy (WD-XRF) on a Panalytical AxiosMax. All sample powders 
were ignited at 1000 °C for 2 hours to determine loss on ignition (LOI). Glass beads of 40 
mm were made by mixing 1 g of ignited sample material with 6 g of Li2B4O7/LiBO2 flux 
(65.5:33.5%, Johnson & Johnson Spectroflux 110) and molten at 1150 °C in Pt crucibles 
with the assistance of a Panalytical Eagon2. Interference and background corrected 
spectra intensities were converted to oxide-concentrations against a calibration curve 
consisting of 30 international standards (see Klaver, 2016b). Iron concentrations are 
expressed as total ferrous iron (Fe2O3t). Trace-elements were measured on pressed pellets 
that were made of 10 g of sample material and 1 g of Panalytical UltraWax and pressed 
under 20 tons/cm2. The pressed pellets were measured on the same Panaytical AxiosMax. 
Calibration curves for trace-elements were made with 30 international standards and 
interference correction were performed with 1000 μg/g of an interfering element in a 
quartz powder pellet, made in the same way as the samples and standards. The precision 
and accuracy of the XRF technique for major and trace elements are given in 
Supplementary material 4.1 and are generally better than 2% RSD for the major elements 
and 10% RSD for the trace-elements. 
4.2.3 Whole-rock trace-element analysis by ICP-MS  
HF, HNO3 and HBr used for isotope analysis are triple distilled (TD) in PFTE 
teflon distillation stills, whereas HCl is double distilled over quartz (DD). All labware was 
cleaned before use with 14N TD HNO3 and 6M DD HCl. Approximately 90 mg of whole-
rock powder was digested in a 14N TD HF-HNO3 (5:1) mixture in PTFE Parr-bombs for 
four days at 200 °C. The sample solution was subsequently transferred to a cleaned PFA 
vial. Quantitative recovery was achieved by fluxing the bombs with 6M DD HCl-TD 14N 
HF for 1 day at 200 °C and adding this mixture to the sample solution. The total solution 
was dried down and taken up in 3N TD HNO3. An aliquot of this sample solution was 
diluted 5000 times, in such a way that the final solution was 5% TD HNO3. Trace-
elements were measured by the ThermoFisher Xseries-II inductively coupled plasma mass 
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spectrometer (ICP-MS) equipped with a 50 µL.min-1 PFA nebuliser and a Scott and 
double pass spray chamber. The analytical method is modified after Eggins et al. (1997) 
and uses USGS reference material BHVO-2 as calibration and instrumental drift 
correction standard. Repeated analyses of USGS reference material AGV-2 indicate 
accuracy and precision of better than 8% (2 RSD) for all reported trace elements (see 
Supplementary material 4.1). 
4.2.4 Sr-Nd-Pb-Hf isotopes 
Sr, Nd, Pb and Hf isotopes were separated with conventional liquid 
chromatography techniques. Sr, Nd and Pb (double spike) isotopes were measured on a 
Thermo TritonPlus thermal ionization mass spectrometer (TIMS), equipped with 9 
Faraday cups with amplifiers with 1011W resistors in the feedback loop. Sr isotopes were 
measured with a dynamic acquisition mode (triple jump) routine. Mass fractionation was 
corrected by normalising to 86Sr/88Sr =0.1194. The precision and accuracy as judged by 
NIST SRM-987 are 0.710251±15 (2 SD; n=8). All samples are reported relative to NIST 
SRM-987=0.710248. The total procedure blank of Sr is <190 pg (n=5), and no blank 
correction was applied. Sr isotopes of the Ios and Santorini samples were measured on a 
Finnigan MAT262 in multi-dynamic acquisition mode. NIST SRM-987 yielded 
0.710233±12 (2 SD, n=17) and Sr blank was <10 pg. The Nd isotopes for all samples were 
measurement in static acquisition mode on a Thermo TritonPlus. Mass fractionation was 
corrected by normalising to 146Nd/144Nd = 0.7219; the JNdi standard yielded 0.512085±7 
(2 SD, n = 4). Total procedural blanks were <22 pg for Nd and are negligible (<0.02 % of 
sample size).  
The Pb isotope procedure followed Klaver et al., (2016b). Eleven volcanic units 
of Milos and the Ios and Santorini samples were analysed by the double spike technique 
on the Thermo TritonPlus using a 204Pb and 207Pb enriched spike solution, the other 21 
Milos volcanic units were measured by sample-standard bracketing on a Thermo Neptune 
using NIST SRM-981 as a bracketing standard. For the TIMS analysis, Pb was loaded on 
single filaments of zone refined Re with silica gel prepared according to the recipe of 
Gerstenberger and Haase (1997). Both the natural Pb isotope and the double spiked 
samples were measured in static mode. Data processing was done in Excel. The NIST 
SRM-981 standard gave 16.9425±0.0016 (206Pb/204Pb), 15.5002±0.0026 (207Pb/204Pb) and 
36.7280±0.0039 (208Pb/204Pb) (2 SD, n=4) for the Milos volcanic units and 
16.9408±0.0010 (206Pb/204Pb), 15.4981±0.0011 (207Pb/204Pb) and 36.7208±0.0025 
(208Pb/204Pb) (2 SD; n=11) for the Ios samples. A Thermo Scientific Neptune MC-ICPMS 
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equipped with 9 Faraday cups with amplifiers with 1011W resistors in the feedback loop 
was used for Pb and Hf isotope analyses. A desolvating nebuliser Aridus II with a 50 
µL.min-1 PFA nebuliser was used as sample inlet and data were collected in static mode. 
Pb was measured with a standard sample bracketing approach with ~100-150 ng Pb for 
both standards and samples. NIST SRM-981 gave 16.9419±0.0013 (206Pb/204Pb), 
15.4997±0.0020 (207Pb/204Pb) and 36.7252±0.0054 (208Pb/204Pb) (2 SD, n=5). Procedural 
blanks were <20 pg for Pb and therefore negligible (<0.03 % of sample size). 
Hf isotopes were also measured using a Neptune instrument, and data were 
collected in static mode. Interference and instrumental mass discrimination corrections 
were done off-line in Excel following the procedure of Cecil et al. (2011) The JMC-475 
standard yielded 176Hf/177Hf= 0.282165±0.000025 (2 SD, n=24) for the Milos samples 
and 0.282157±0.000020 (2 SD, n=102) for the Ios and Santorini samples. Samples are 
reported relative to JMC-475=0.282160. Analytical blanks were ≤7 pg and therefore 
negligible.  
Sr-Nd-Pb-Hf isotope ratios for the USGS standard AGV-2 are given in Table 4.1 
and are within the range reported by GeoREM (http://georem.mpch-mainz.gwdg.de/). 
4.2.5 Zircon Hafnium isotopes by LA-MC-ICPMS 
Zircons were selected from six samples (30-50 grains per sample) and separated 
from groundmass and other minerals with a heavy liquid separation technique using a 
centrifuge (IJlst, 1973). Single zircon Hf isotope ratio analysis was conducted at the 
Wuhan Sample Solution Analytical Technology Co., Ltd, Hubei, China with a Thermo 
Neptune Plus MC-ICPMS equipped with 9 Faraday cups connected to amplifiers with 
1011W resistors in the feedback loop and a Geolas HD excimer ArF laser ablation system 
with He as the carrier gas. Zircon analyses were performed a spot diameter of 44 μm, an 
energy density of 7 J.cm-2 and a repetition rate of 1 Hz. Each measurement consisted of 
20 s of acquisition of the background signal (gas blank) followed by 50 s of ablation signal 
acquisition. A total of 20-25 spots per single zircon were obtained, distributed between 
core (50%) and rim (50%). Zircon standard 91500 was measured twice after every 5-10 
analyses. Zircon standard GJ-1 was measured four times before and after each series. The 
standards 91500 and GJ-1 yielded 176Hf/177Hf=0.282298±19 (2 SD, n=28) and 
0.282002±19 (2 SD, n=8), respectively, and are in excellent agreement with published 
values (e.g., Morel et al., 2008). 
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Table 4.1. Sr-Nd-Pb-Hf isotopes data of the Milos Volcanic Field 
Sample Names Rock Types 87Sr/86Sr 2SE 143Nd/144Nd 2SE 206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 176Hf/177Hf 2 SE 
G15M0029 Type A 0.706199 0.000021 0.512312 0.000005 18.9057 0.0004 15.6877 0.0010 39.0157 0.0041 0.282791 0.000007 
G15M0005 Type A 0.706097 0.000012 0.512476 0.000003 18.8862 0.0003 15.6823 0.0006 38.9845 0.0007 - - 
G15M0006 Type A 0.706063 0.000015 0.512631 0.000004 18.9161 0.0020 15.7032 0.0020 39.0703 0.0111 0.282795 0.000003 
G15M0028 Type A 0.706101 0.000012 0.512472 0.000003 18.8963 0.0004 15.6855 0.0008 39.0005 0.0058 - - 
G15M0027 Type A 0.707047 0.000010 0.512485 0.000004 18.8864 0.0022 15.6869 0.0019 39.0047 0.0009 - - 
G15M0032 Type A 0.706120 0.000015 0.512539 0.000003 18.9032 0.0036 15.6916 0.0033 39.018 0.0010 0.282841 0.000003 
G15M0032B Type A 0.706099 0.000014 0.512477 0.000004 18.8966 0.0003 15.6885 0.0006 39.001 0.0010 0.282831 0.000007 
G15M0002 Type A 0.705896 0.000010 0.512529 0.000004 18.9047 0.0003 15.6882 0.0006 39.0074 0.0052 - - 
G15M0036 Type A 0.705416 0.000018 0.512483 0.000004 18.8667 0.0010 15.6922 0.0009 39.0166 0.0046 - - 
G15M0037 Type A 0.705280 0.000010 0.512481 0.000004 18.8067 0.0003 15.684 0.0005 38.9411 0.0006 0.282783 0.000007 
G15M0022 Type B 0.705080 0.000014 0.512645 0.000003 18.8492 0.0004 15.6846 0.0006 38.9775 0.0028 0.282944 0.000008 
G15M0004 Type B 0.704630 0.000011 0.512586 0.000004 18.9602 0.0033 15.6887 0.0035 39.0592 0.0011 0.282918 0.000004 
G15M0019 Type B 0.704812 0.000013 0.512607 0.000005 18.9352 0.0003 15.6843 0.0007 39.0283 0.0007 0.282909 0.000003 
G15M0014 Type B 0.704011 0.000011 0.512715 0.000003 18.7956 0.0003 15.6771 0.0005 38.8673 0.0037 0.282965 0.000008 
G15M0018 Type C 0.707855 0.000015 0.512438 0.000004 18.883 0.0009 15.6976 0.0009 39.0273 0.0054 - - 
G15M0017 Type C 0.706568 0.000015 0.512498 0.000004 18.87 0.0010 15.6937 0.0008 39.0107 0.0009 0.282834 0.000003 
G15M0015 Type C 0.706742 0.000012 0.512384 0.000004 18.8927 0.0012 15.6945 0.0012 39.0198 0.0027 0.282698 0.000009 
G15M0016 Type C 0.707690 0.000011 0.512394 0.000003 18.7172 0.0003 15.6977 0.0005 38.8792 0.0008 - - 
G15M0016B Type C 0.707690 0.000011 0.512394 0.000003 18.7172 0.0003 15.6977 0.0005 38.8792 0.0009 0.282747 0.000008 
G15M0025 Type C 0.704467 0.000020 0.512547 0.000003 19.0951 0.0004 15.6876 0.0007 39.1195 0.0008 0.282785 0.000003 
G15M0026 Type C 0.704400 0.000013 0.512532 0.000003 18.9988 0.0004 15.6875 0.0006 39.0571 0.0008 0.282749 0.000008 
G15M0024 Type C 0.705620 0.000011 0.512565 0.000005 18.86 0.0015 15.6877 0.0013 38.993 0.0008 - - 
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G15M0023 Type C 0.705851 0.000010 0.512552 0.000004 18.874 0.0022 15.6965 0.0019 39.0218 0.0009 - - 
G15M0021 Type C 0.706436 0.000012 0.512551 0.000004 18.8495 0.0004 15.687 0.0007 38.9817 0.0038 0.282863 0.000004 
G15M0013 Type C 0.705535 0.000010 0.512565 0.000004 18.9021 0.0014 15.6918 0.0013 39.0118 0.0024 0.282820 0.000004 
G15M0035 Type D 0.705740 0.000016 0.512635 0.000004 18.9186 0.0003 15.6835 0.0006 38.9917 0.0008 0.282912 0.000009 
G15M0034 Type D 0.705765 0.000011 0.512633 0.000004 18.9188 0.0004 15.6896 0.0007 39.0101 0.0026 0.282855 0.000004 
G15M0007 Type D 0.705729 0.000009 0.512631 0.000004 18.9235 0.0014 15.6902 0.0014 39.0064 0.0010 0.282854 0.000004 
G15M0033 Type D 0.705458 0.000009 0.51252 0.000005 18.912 0.0004 15.6832 0.0007 38.9841 0.0008 0.282879 0.000007 
G15M0008 Type D 0.705224 0.000012 0.512669 0.000006 18.9199 0.0018 15.6816 0.0016 38.9909 0.0009 0.282881 0.000004 
G15M0012 Type D 0.705284 0.000017 0.512632 0.000005 18.9132 0.0005 15.6759 0.0007 38.9699 0.0008 - - 
G15M0009 Type D 0.705193 0.000010 0.512622 0.000003 18.9202 0.0003 15.6822 0.0005 38.9926 0.0090 0.282894 0.000011 
AGV_2 - 0.703978* 0.000015* 0.512778 0.000005 18.8707* 0.0034* 15.6191* 0.0021* 38.5450* 0.0052* 0.282980 0.000007 











Table 4.2. Sr-Nd-Pb-Hf isotopes data of the possible assimilants. 
Sample Location Lithology 87Sr/86Sr 143Nd/144Nd 176Hf/177Hf 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
1AAS-015a Cape Athinios metapelite 0.718429 ± 0.000007 0.512126 ± 0.000006 0.282456 ± 0.000007 18.8927 ± 0.0006 15.7027 ± 0.0006 39.0304 ± 0.0016 
1AAS-015b Cape Athinios metapelite 0.739150 ± 0.000011 0.512052 ± 0.000005 0.282421 ± 0.000009 18.9713 ± 0.0005 15.7241 ± 0.0005 38.9816 ± 0.0014 
1AAS-016a Cape Athinios metapelite 0.709993 ± 0.000008 0.512323 ± 0.000006 0.282654 ± 0.000011 19.0002 ± 0.0007 15.6976 ± 0.0006 39.0470 ± 0.0017 
1AAS-017 Mt. Mesa Vouno metapelite 0.716738 ± 0.000008 0.512342 ± 0.000005 0.282622 ± 0.000007 18.8904 ± 0.0005 15.6771 ± 0.0004 39.0719 ± 0.0012 
1AAS-018 Mt. Mesa Vouno metapelite 0.711659 ± 0.000009 0.512301 ± 0.000006 0.282694 ± 0.000007 18.7373 ± 0.0006 15.6675 ± 0.0006 38.9226 ± 0.0018 
2ABI-01 Ios augengneiss 0.723033 ± 0.000008 0.512087 ± 0.000009 0.282453 ± 0.000007 18.5376 ± 0.0007 15.7074 ± 0.0006 39.0176 ± 0.0018 
2ABI-02 Ios felsic augengneiss, intrusive in main body 0.750303 ± 0.000012 0.512108 ± 0.000008 0.282396 ± 0.000008 19.0767 ± 0.0006 15.7575 ± 0.0006 38.8481 ± 0.0017 
2ABI-03 Ios garnet-mica schist 0.741399 ± 0.000009 0.511906 ± 0.000017 0.282318 ± 0.000007 18.8021 ± 0.0006 15.7079 ± 0.0006 39.1618 ± 0.0017 
2ABI-04 Ios augengneiss 0.724202 ± 0.000008 0.512082 ± 0.000010 0.282434 ± 0.000007 18.7637 ± 0.0006 15.7238 ± 0.0006 39.4566 ± 0.0017 
2ABI-05 Ios fine-grained augengneiss 0.720087 ± 0.000008 0.512088 ± 0.000003 0.282446 ± 0.000006 18.6140 ± 0.0007 15.7179 ± 0.0006 39.2637 ± 0.0018 
3AAS-014 Mt. Profitis Ilias marble 0.707658 ± 0.000007 0.512303 ± 0.000042 - - - - 
3AAS-016b Cape Athinios intercalated marble 0.708957 ± 0.000009 0.512252 ± 0.000010 - 18.8741 ± 0.0007 15.6842 ± 0.0007 38.9403 ± 0.0022 
3AAS-019 Mt. Mesa Vouno marble 0.707431 ± 0.000007 0.512287 ± 0.000011 - - - - 
1 The metapelite of Santorini represents the upper continental crust. 
2The gneisses of Ios represents the lower continental crust. 




Figure 4.4. Eruption age versus (A) crystallinity, (B), SiO2 content and (C) vesicularity of Milos 
volcanic units. The error bars are smaller than the symbol size if not visible. Abbreviation: 
MVF=Milos Volcanic Field. Qe=long term volumetric volcanic output rate based on Zhou et al., 
2021). See text for discussion. 
4.3. Results 
4.3.1 Petrography of the volcanic units of the Milos Volcanic Field 
The Milos volcanic rocks have highly variable petrographic textures that range 
from crystal-free obsidian to highly porphyritic (>30% crystals) basaltic andesite. The 
geochemical and petrological characteristics of these volcanic units allow us to divide 
them into four types: Type A, low-porphyritic andesite to rhyolite; type B, high-
porphyritic (>30%) basaltic andesite to dacite; type C, medium-porphyritic (~20%) 
andesite to (rhyo)dacite and type D, low-porphyritic rhyolitic pumice. These petrographic 
texture types also vary between and within the three Periods of the MVF (see 
supplementary material 4.1 and 4.2). 
Type A: low-porphyritic andesite to rhyolite.  
Type A volcanic units are found in the north-eastern part of Milos and were formed 





vesicularity (<10%) and a low-porphyritic texture (<10% phenocrysts), except for pumice 
G15M0027 from Fylakopi volcano which is included as a type A because of its location 
and age of 2.66 ± 0.07 Ma based on the U-Pb age (Stewart and McPhie, 2006). The 
cryptocrystalline groundmass of type A contains in general acicular plagioclases. In the 
andesitic samples, the phenocrysts of olivine, clinopyroxene and orthopyroxene are 
euhedral, whereas in the dacitic samples euhedral amphibole has been observed 
(supplementary material 4.2). Sub- to euhedral plagioclase phenocrysts often display sieve 
texture cores in the type A volcanic units. Two of the type A samples (G15M0028 and 
G15M0005) are volcanic bombs that also contain sieve-textured and/or resorbed 
plagioclase phenocrysts (supplementary material 4.2). Plagioclase phenocrysts with sieve 
texture have not been observed in the obsidian samples G15M0002 and G15M0032 from 
the Bombarda and Dhemeneghaki volcanic centres, respectively (supplementary material 
4.2, Figure 4.2-4.4). 
Type B: high-porphyritic basaltic andesite to dacite. 
Type B volcanic units are mainly found in the north and north-western parts of 
Milos where most of the volcanoes erupted during Period II (2.1 - 1.5 Ma, Figure 4.2-4.4). 
This textural type contains abundant macroscopic and microscopic evidence of mixing 
between a more mafic and felsic magma. Samples G15M0019 (Kontaro dome) and 
G15M0004 (Adamas lava dome) contain micro-cumulates of olivine-clinopyroxene-
orthopyroxene and amphibole-biotite-plagioclase. Other examples are the quenched mafic 
enclaves G15M0014 and G15M0022 that are inclusions in hosts G15M0013, (Halepa lava 
dome) and G15M0021 (Triades lava dome), respectively. Type B basaltic-andesitic 
enclaves are characterised by acicular amphibole-plagioclase. Dacitic samples of type B 
units have a groundmass that is completely composed of acicular plagioclases. Type B 
textures are characterised by a larger abundance (>30%) of phenocrysts compared to type 
A (<10%) (supplementary material 4.2).  
Type C: high-porphyritic andesite to (rhyo)dacite 
Type C volcanic units are mainly found in the western part of Milos and display a 
wide age range of 3.5-1.0 Ma (Period I-III). However, most type C volcanic units formed 
during Period I (>3.3-2.1 Ma, Figure 4.2-4.4) and only sample G15M0013 (1.04 Ma) was 
produced during Period III. The ~3.5-2.7 Ma old samples contain small (1-5 mm size) 
glomeroporphyritic fragments that consist of olivine, clinopyroxene and orthopyroxene 
(supplementary material 4.2). Small amphiboles and plagioclases crystals (50-200 µm) 
are located around these glomeroporphyritic fragments. Since ~2.7 Ma, the percentage of 
 
 106 
plagioclase phenocrysts in type C volcanic units significantly increases and the 
glomeroporphyritic fragments change to clinopyroxene-plagioclase-amphibole clusters. 
Between 2.4-2.1 Ma, biotite, amphibole and plagioclase are the main phenocrysts in the 
type C units. Euhedral pyroxene and quartz were found in sample G15M0025 and 
G15M0026 with ages of 2.36-2.42 Ma (Mavros Kavos lava dome), indicating that SiO2 
saturated in the host melt before the mafic melt was injected. The groundmasses of type 
C units are glassy and are different from type A and B. Examples are samples G15M0016 
and 16B (2.66 ± 0.01 Ma) collected from a basaltic-andesitic dyke intruding into Period I 
pyroclastic unit near Kleftiko in the south-west of Milos (Figure 4.2).  
Type D: low-porphyritic rhyolitic pumice 
Samples with type D textures are found in the rhyolitic pyroclastic deposits of the 
Trachilas (N of Milos), Kalamos and Fyriplaka (S of Milos) centres that erupted during 
0.63-0.06 Ma of Period III (Figure 4.2-4.4). Type D volcanic units have glassy 
groundmasses and a high abundance of vesicles (>25 vol.%) and less than 3 vol.% of 1-
20 mm plagioclase, biotite and quartz phenocrysts (supplementary material 4.2).  
4.3.2 Geochemical characteristics of the volcanic units of the Milos 
Volcanic Field 
4.3.2.1 Major- and trace-element variations 
The whole-rock major-element data can be found in supplementary material 4.1. 
Volcanic rocks of Milos range in SiO2 content from 52 to 78 wt. %, corresponding to 
basaltic andesite to rhyolite. Figure 4.5 shows that the Milos volcanic rocks belong to the 
medium-K to high-K calc-alkaline series (Peccerillo and Taylor, 1976). One sample 
(G15M0022) has high K2O (6%), which is caused by hydrothermal alteration. Basaltic 
andesites and andesites are restricted to textural types A, B and C, whereas type D textures 
are only observed in samples with a rhyolitic composition. The volcanic units of the MVF 
overlap with those of the other Aegean volcanic centres that all straddle the medium- and 
high-K boundary in Figure 4.5. The most significant difference with the other VFs of the 
SAVA is the lack of samples with SiO2 > 75 wt. % at Aegina, Santorini and Nisyros but 




Figure 4.5. SiO2 versus K2O of Milos volcanic units of this study (solid circles) compared to 
previously published (B) Milos data and other SAVA volcanic fields: (A) Santorini; (C) Susaki 
and Aegina-Methana-Poros and (D) Kos-Nisyros. Fields for the tholeiite, calc-alkaline, high-K 
calc-alkaline and shoshonitic series are from Peccerillo and Taylor (1976). Fields for basalt, 
basaltic-andesite, andesite, dacite and rhyolite are from Le Bas et al. (1986). The 
shaded/coloured areas for the different volcanic islands are from Francalanci and Zelmer (2019) 
and reference therein. 
Figure 4.6 shows that the LILE (e.g., Cs, Rb and Ba) are enriched compared to 
MORB with a positive anomaly for Pb. Relative negative anomalies are observed for Nb, 
P and Ti. The LREE of the Milos volcanic units are enriched compared to the HREE, and 
the relative MREE depletion ((Dy/Yb)N = 0.74-1.27) suggests that amphibole plays an 
important role in the formation of these magmas (e.g., Davidson et al., 2007). The negative 
anomalies in Ti and P from basaltic andesite to rhyolite may be caused by magnetite and 
apatite fractionation. Type C volcanic units deviate from the other types, because ore-
forming processes likely altered several samples by fluid/rock interaction (e.g., Dando et 
al., 1995; Liakopoulos et al., 2001; Varnavas and Cronan, 2005; Alfieris, 2006; Marschik 
et al., 2010; Alfieris et al., 2013; Wu et al., 2016; Papavassiliou et al., 2017). This is for 
example shown in samples G15M0021 and G15M0023, (data in the supplementary 
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material 4.1), which have negative Ce and/or Rb anomalies, and large positive Pb and/or 
Ba anomalies (Figure 4.6). 
 
Figure 4.6. Normal Mid Ocean Ridge Basalt (N-MORB) normalized trace-element abundance 
diagrams for: (A) Type A volcanic units, (B) Type B volcanic units, (C) Type C volcanic units 
and (D) Type D volcanic units. N-MORB values are from Sun and McDonough (1989). 
4.3.2.2 Sr-Nd-Pb-Hf isotopes 
Sr isotopes for the Milos volcanic units range from 0.70401-0.70785 and display 
both positive and negative correlations with SiO2 content for the different Periods I-III 
and texture groups (Figure 4.7A). For example, Type C samples show negative 
correlations with SiO2, whereas type A units display broadly positive correlations with 
SiO2. It is noteworthy that the type B volcanic units have a distinctly lower 87Sr/86Sr 
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(0.70401-0.70508) than the other volcanic units. The presence of mafic inclusions with a 
lower 87Sr/86Sr in type B volcanic units probably results in a lower 87Sr/86Sr ratio than for 
the other textural types. Period I volcanic units display a weak trend of decreasing 87Sr/86Sr 
with increasing SiO2, whereas the opposite is the case for Period II. Period III does not 
show any correlation between 87Sr/86Sr and SiO2. 
 
Figure 4.7. SiO2 versus (A) 87Sr/86Sr, (B) 143Nd/144Nd, (C) 206Pb/204Pb and (D) 176Hf/177Hf for 
Milos volcanic units for the different age Periods (I-III) and texture types (symbols in red=Type 
A, green=Type B, black=Type C and blue=Type D). The two solid black circles surrounded by a 
dashed line are samples G15M0025 and G15M0026, which are characterized by higher 
206Pb/204Pb values, compared to the other samples. See text for discussion.  You need to say what 
the correlations are: r2 =?????? 
 Nd isotopes display a range from 0.51231-0.51272. A negative correlation exists 
between Nd isotopes and SiO2 content for textural type B, whereas positive correlations 
tend to exist for petrographic types A and C (Figure 4.7B). This also suggests complex 
interaction with arc crust and/or magma-mixing in the magma chamber(s) below Milos. 
Type D samples display relatively high Nd isotopes (0.5126-0.5127) compared to the 
other textural types, except for type B. However, there is no correlation between Nd 
isotopes and SiO2 content for type D, possibly due to the limited range in SiO2 content. 
Period I and III samples display a positive correlation between SiO2 and Nd isotopes, 







Pb isotopes show a large variation (206Pb204Pb=18.72-19.10). All petrographic 
types show broad positive correlations with SiO2 content, except for textural type D due 
to the limited SiO2 range. Two samples (G15M0025 and G15M0026) of textural type C, 
that erupted between 2.36-2.42 Ma (Zhou et al., 2021), have much higher 206Pb/204Pb 
ratios (19.0-19.1, solid black circles surrounded by a dashed line in Figure 4.7C). For all 
three age periods the lowest 206Pb/204Pb have also a low SiO2 content (<60 wt. %), 
however, clear trends are not observed. 
 
Figure 4.8 Whole-rock 176Hf/177Hf versus zircon 176Hf/177Hf of the same samples (see Table 4.1 
and Supplementary material 4.1). The ages shown in this Figure vary from 2.62 to 1.48 Ma. 
Error bars of Hf-ratios are 2SD and are based on the replicate measurements of international 
standards. 
Hf isotopes range between 0.28275-0.28297 for the whole rocks and 0.28273-
0.28285 for the zircons from the same samples (Figure 4.8). All the Hf isotopes of the 
zircons are lower than those of the whole rocks, except for 5 zicrons of the old samples 
(2.36 and 2.62 Ma; Figure 4.8). The Hf isotopes display broadly positive correlations 
with SiO2 content for the petrographic types A and C, but a negative correlation for type 
B (Figure 4.7D). As with the Nd isotopes, Period I and III show a broad positive trend 
between SiO2 and 176Hf/177Hf, whereas Period II has a negative correlation.  
Figure 4.8 compares the 176Hf/177Hf of zircons with the whole rock 176Hf/177Hf. All 
six samples show large ranges in 176Hf/177Hf for the zircons, extending from the whole 
rock values (for four samples), to lower values (by 0.0003), indicating that all the zircons 
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did not all grow in the same melt. The lower 176Hf/177Hf for zircons compared to the whole 
rock is observed for two samples of Period I and four samples of Period II. 
 
Figure 4.9 (A) 206Pb/204Pb vs. 87Sr/86Sr; (B) 206Pb/204Pb vs. 143Nd/144Nd; (C) 87Sr/86Sr vs. 
143Nd/144Nd; (D) 176Hf/177Hf vs. 143Nd/144Nd; (E) 206Pb/204Pb vs. 207Pb/204Pb and (F) 206Pb/204Pb vs. 
208Pb/204Pb for volcanic units of the Milos volcanic field (VF), Santorini marble and metapelite 
and Ios gneisses, compared to East Mediterranean sediment (EMS, Klaver et al., 2015), Aegean 
Miocene I-type granitoids (Altherr and Siebel, 2002), Aegean Depleted Mantle (ADM; Klaver et 
al., 2016a), Nisyros, Santorini, Methana, Susaki and MVFs. Data for the Aegean volcanics are 
obtained from GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/); Briqueu et al., 1986; 
Francalanci et al., 2007. Soens et al., 2016; Elburg et al., 2018; Klaver et al., 2017. Symbols in 





4.3.2.3 Comparison with other volcanic fields in the South Aegean Volcanic Arc 
Although the major-element compositions of the Milos volcanic units of this study 
overlap with those of previous studies (Figure 4.5B), the new whole-rock Sr-Nd isotopes 
display a larger spread (Barton et al., 1983; Briqueu et al., 1986; Francalanci et al., 2007). 
For example, the Nd isotopes of this study display lower values than those reported 
previously (Figure 4.9C) (Vougioukalakis et al., 2019 and reference therein). Previously 
no Pb-Hf isotopes data had been published for the volcanic rocks of the MVF.The Pb-Hf 
isotopes of this study overlap with those of Methana but are lower than those of the Kos-
Nisyros-Yali VF (Figure 4.9B and 4.9D). The Sr-Nd isotopes data of the Milos volcanic 
units largely overlap with those of Nisyros, Methana and Santorini. Based on the age 
periods division of Zhou et al. (2021) for the MVF, the Sr-Nd-Hf-Pb isotopes values of 
Period I and III overlap with that of Methana volcanic field and those of Santorini and 
Nisyros, respectively (Figure 4.9). 
4.3.3 Geochemical characteristics of possible assimilants  
Trace-elements and Sr-Nd-Pb-Hf isotopes of possible crustal assimilants for the 
MVF are given in Table 4.2 and supplementary material 4.1. These assimilants include 
six metapelites plus three marbles from Santorini as representative rocks for the upper 
crust, and five gneisses of Ios as a proxy for the lower continental crust. The Sr-Nd-Pb-
Hf isotopes display typical values for continental with ranges of 87Sr/86Sr=0.71-0.74, 
143Nd/144Nd=0.51191-0.51235, 176Hf/177Hf=0.2823-0.2827 and 206Pb/204Pb=18.5-19.0 
(Table 4.2). These values overlap with Sr and Nd isotopes of previously published 
limestone and crustal samples of Santorini (Druitt et al., 1999, Briqueu et al., 1986), but 
are different from Sr-Nd-Hf isotopes of glaucophane schists and eclogite from Milos 
(Briqueu et al., 1986; Figure 4.9). 
4.4 Discussion 
The petrography, major-trace element composition and radiogenic isotopes of the 
volcanic units of the MVF show a very complicated picture of melts that are generated 
and modified by different processes. This is for example demonstrated by the diagrams of 
radiogenic isotopes versus SiO2 (Figure 4.7). Fractional crystallization would not cause 
systematic changes in isotopic composition with SiO2, whereas assimilation of crustal 
material would produce positive correlations between SiO2 versus 87Sr/86Sr and 
206Pb/204Pb and negative correlations with 143Nd/144Nd and 176Hf/177Hf. Figure 7a shows 
that during the development of the MVF, two types of mafic magma (SiO2 < 55 wt.%) 
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reached the surface: one has low 87Sr/86Sr (~0.704, type B, Period II; green triangles), and 
the other one has much higher 87Sr/86Sr (~0.708; type C, Period I; black circles).  
The felsic compositions (SiO2 > 75 wt. %) record less isotopic variation than the 
mafic magmas. There are differences within the felsic rocks, the youngest type D volcanic 
units (Period III, blue squares of Figure 4.7) have lower 87Sr/86Sr (~0.705-0.706) than the 
type A and C units of Period II (87Sr/86Sr: ~0.7055-0.7070, black and red triangles of 
Figure 4.7). The relationships between the mafic and felsic magmas suggests magma 
mixing and/or assimilation. Exceptions are two samples from Period I that have 
anomalous high Pb isotopes (206Pb/204Pb=19.0-19.1) and low Sr isotopes (87Sr/86Sr 
~0.7045, Figure 4.7A and 4.7C). Furthermore, the Hf isotopes of zircons are generally 
lower than the Hf isotopes of the whole rock from which these zircons are obtained (Figure 
4.8). This suggests that the zircons grew in a melt with stronger crustal affinities or were 
picked up during assimilation.  
These data raise the question of how the large quantities of felsic magma and the 
isotopic heterogeneity of melts of the MVF were generated. We first discuss the end-
member magma(s) composition(s) before assessing assimilation in section 4.4.1, the 
potential assimilants available in the continental crust beneath Milos in section 4.4.2, the 
possible Assimilation-Fractional Crystallization (AFC) models and their results in section 
4.4.3. In section 4.4.4, we will discuss if assimilation of crustal material is the only 
mechanism to create large amounts of rhyodacitc magma, or if other processes were also 
important.  
4.4.1 The end-member magma(s) composition(s) for the Milos Volcanic 
Field 
As discussed above, there are two distinct mafic end-members. Sample 
G15M0014 is a mafic enclave, petrography type B, characterized by the lowest 87Sr/86Sr 
(0.70401) and highest 143Nd/144Nd (0.51272) of this study. This enclave was entrained 
within a host magma (sample G15M0013) from Halepa (1.04 Ma, Period III) and is used 
as an approximation for the magmas supplied from the mantle beneath Milos, we will 
refer to it as parental magma 1 (PM1). In contrast, basaltic-andesitic samples (2.66 Ma – 
Period I) are characterized by type C textures (sample G15M0016 and 16B) and have high 
87Sr/86Sr (0.7077) and low 143Nd/144Nd (0.51244). We refer to this composition as parental 
magma 2 (PM2). For both PM1 and PM2 the 206Pb/204Pb ratios are lower than for other 
samples of Milos, although the range in 206Pb/204Pb is small (~18.70-18.95). This suggests 
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that there are at least two types of mafic magma arriving in the shallow system of the MVF 
during its volcanic history (Figure 4.7). The Sr-Nd isotope ratios of PM2 do not overlap 
with those of the Christiana-Santorini-Kolombo, Kos-Yali-Nisyros volcanic fields, but are 
comparable to those of Methana (Figure 4.9). The Sr-Nd isotopes of the PM1 magma are 
between Kos-Yali-Nisyros and Santorini volcanic fields and overlap with Methana 
(Figure 4.9A and 4.9B).  
 
Figure 4.10. SiO2 wt.% versus (A) Sr, (B) Nd and (C) Pb contents for Milos volcanic units, 
compared to the other volcanic fields of the South Aegean Volcanic Arc (See Figure 4.9 for 
references). Symbols in red=Type A, green=Type B, black=Type C and blue=Type D from this 
study. The black solid points in the dash circle are samples G15M0025 and G15M0026 (see 
Figure 4.7). See text for discussion. 
PM2 contains a significant amount of Sr-Nd-Hf derived from continental material, 
which could have been assimilated from crustal rocks beneath Milos or incorporated from 
sediments or crust of the subducting slab (Figure 4.9). This signature is not derived from 






(e.g., 143Nd/144Nd=0.51239). Therefore, PM2 cannot be used as an end-member for 
assimilation-fractional crystallization models in section 4.3 due to its undistinguishable 
signature from the crust. In contrast, the Sr-Nd-Hf isotopes of PM1 are similar to the Sr-
Nd-Pb-Hf isotopes of the least evolved magmas from Christana-Santorini-Kolombo and 
Kos-Yali-Nisyros volcanic fields where assimilation is thought to have played only a 
minor role (e.g., Barton et al., 1983; Klaver et al., 2018). We, therefore, consider PM1 as 
the most “primitive” and least crust-influenced magma that is probably closest to the 
composition of the magmas arriving from the mantle beneath Milos. The Sr concentration 
of the unaltered mafic inclusion G15M0014 is high (504 ppm) compared to some of the 
other samples of Milos. Figure 4.10A shows that MVF overlaps with both the low Sr trend 
of Santorini and the high Sr trend of Nisyros. The inclusion G15M0014 contains more 
than 30% zoned and unzoned plagioclase phenocrysts, suggesting that plagioclase has 
been added to this sample, maybe by the disintegration of cumulate fragments. To correct 
for this added plagioclase, we assume that the most mafic melts arriving from the mantle 
below Milos have a Sr content of 300 ppm. Similar Sr contents in mafic melts has been 
used in Fractional Crystallization (FC) and AFC models by Barton et al. (1983) for the 
MVF and Elburg et al. (2018) and Woelki et al. (2018) for the Methana. 
Based on the lowest SiO2 samples of the MVF, we assume that PM1 contains Nd 
and Pb of 10 and 5 ppm, respectively (Figure 4.10). These concentrations are comparable 
to Nd-Pb concentrations of mafic magmas of the other volcanic fields of SAVA (e.g., 
Methana: 9-14 ppm for Nd and 10 ppm for Pb (Elburg et al., 2018 and Woelki et al., 
2018); Santorini: 11.5 ppm for Nd (e.g., Briqueu et al., 1986) and ~5 ppm for Pb (Wind 
et al., 2020); Nisyros: 16 ppm for Nd and 3.3 ppm for Pb (e.g., Klaver et al., 2018). 
4.4.2 Potential crustal assimilants beneath the Milos Volcanic Field 
Although the structure and composition of the crust beneath the MVF are not well 
known, seismic, electrical and gravity studies indicate a crustal thickness of approximately 
25 km underneath the MVF (Figure 4.11). Earthquake-based rheological modelling 
(Christensen and Mooney, 1995) and rheological experiments (Konstantinou, 2010) 
suggests that the transition of the upper crust to lower crust is at ~15 km. Konstantinou 
(2010) assumed that the rheological brittle-ductile transition is located between 7 and 15 
km in the upper crust, which they attributed to a permeable water-rich layer. A cross-





Figure 4.11 (A) Simplified geological map of lithological/tectonic units in the central part of the 
South Aegean Volcanic Arc (SAVA) and (B) Cross-section of the structure of the crust beneath 
the central SAVA, modified from Fytikas et al., 1989, Konstantinou, 2010, Kilias et al., 2013, 
Grasemann et al. 2018, Druitt et al., 2019 and Wind et al., 2020. 
(1) Neogene basin sediments and Pliocene to Recent volcanic units are widely 
distributed in the upper crust beneath Milos, but with a limited thickness of maximum 1.5 
km (Fytikas et al., 1989; Kyriakopoulos, 1998; Van Hinsbergen et al., 2004). The thin 
layers of intercalated volcanic units only have a limited influence on the bulk composition 
of these sediments. We assume that the Neogene sediments have a composition similar to 




(2) The second unit is the Cycladic Metamorphic Core complex that is composed 
of two nappes: the Upper and Lower Cycladic Nappes that record different peak 
temperature and pressure conditions (e.g., Grasemann et al., 2018). On Milos, the Lower 
Cycladic Nappe is exposed along the south-east coast, whereas eclogite blocks of the 
Upper Cycladic Nappe have been found in the phreatic deposits in the south-eastern part 
of Milos (Grasemann et al., 2018). The Lower Cycladic Nappe consists of 
marbles/limestone bedrocks between 4-5 km depth (e.g., Druitt et al., 2019) and schists 
between 1-10 km depth (Fytikas et al., 1989; Van Hinsbergen et al., 2004; Grasemann et 
al., 2018). We assume that this complex is geochemically represented by the marbles and 
metapelites of Santorini (e.g., Elburg et al., 2018; Table 4.2 and Figure 4.9). The average 
composition of the schists of Santorini will be considered as representative for the Upper 
Continental Crust (UCC, 1-10 km) composition beneath Milos (Table 4.3). Although 
marble has been observed as lithics in the pyroclastic deposits of Milos (Fytikas et al., 
1986), assimilation will only influence Sr isotopes due to the low concentrations of Pb, 
Nd and Hf in marble (Table 4.3).  
(3) The undifferentiated mid/lower crust between 15-25 km depth is probably 
geochemically equivalent to the Palaeozoic garnet mica schists and ortho-gneisses of the 
Paleozoic Metamorphic Basement outcropping at the centre of the island of Ios (e.g., 
Forster and Lister, 1999; Flansburg et al., 2019). The orthogneisses have been correlated 
with Proterozoic basement of the Menderes Massif (Western Anatolia) (e.g., Jolivet et al 
2013). We use average trace element composition and Sr-Nd-Pb-Hf isotopes of these Ios 
gneisses as representative for the lower continental crust (LCC) assimilant (Table 4.3).  
Many of the volcanic, sedimentary and metamorphic rocks of the MVF have been 
variably altered by hydrothermal fluids that are part of a large geothermal system that 
were active for more than 3.0 Myr on Milos. (e.g., Fytikas et al., 1989). Three types of 
mineralisation styles have been reported: Mn-Fe-Ba (Capi Vani); sub-seafloor Pb-Zn-Ag 
(Triadas-Galana) and epithermal Au-Ag (e.g., Papavassiliou et al., 2017). The alteration 
was caused by intermediate to high sulfidation fluids that resulted in epithermal deposits 
characterized by proximal silification and distal phyllic-argillic alteration. These deposits 
are rich in Mo (up to 176 ppm), W (up to 677 ppm) and Bi (up to 2500 ppm) (e.g., 
Marschik et al., 2010). The hydrothermal fluids were seawater dominated and resulted in 
increased Sr isotope ratios in barite and sphalerite of 0.7092-0.7102 and 206Pb/204Pb ratios 
of 18.84-18.87 (Marschik et al., 2010). Galena ore of Milos reported by Wind et al. (2020) 
shows a similar isotopic range as sphalerite (206Pb/204Pb=18.83-18.86). Hydrothermally 
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altered rocks have therefore elevated Sr isotope ratios, but indistinguishable Pb, Hf and 
Nd isotopes from fresh, unaltered volcanic, metamorphic and sedimentary rocks. The 
hydrothermal alteration is highly variably distributed, therefore we assumed three 
hypothetical compositions for this assimilant: hydrothermal altered material 1-3 (HAM 1-
3). These are composed of 15%, 50% and 85% average Santorini schist (UCC) and 85%, 
50% and 15% of Pb ore (sample MI707-06 Marschik et al. (2010) respectively. (see Table 
4.3 and 4.5; Figure 4.12D and 4.13E). 
4.4.3 Assimilation and Fractional Crystallization (AFC) models for the 
Milos volcanic field 
We used two models to evaluate the extent of crustal assimilation for the MVF: 
(1) assimilation and fractional crystallization without magma recharge (AFC, DePaolo, 
1981), and (2) the Energy-Constrained Recharge and Assimilation-Fractional 
Crystallization model, EC-RA χ FC (Bohrson and Spera, 2007). The AFC model of 
DePaolo (1981) is the classical approach to evaluate the extent of assimilation and 
fractional crystallization in a magmatic system without taking into account the thermal 
budget. DePaolo’s model only considers the ratio (r) of the mass of assimilant (anatectic 
melt) added to the mass of crystals extracted (cumulates) and the ratio (F) of the mass of 
remaining melt to the mass of melt at the start. The EC-RA χ FC model of Bohrson and 
Spera (2007) is more advanced by incorporating magma recharge and the total heat 
budget. Although even more complex AFC and recharge models have been developed 
(e.g., the Magma Chamber Simulator of Bohrson et al., 2014) that include the pMELTS 
algorithm (Ghiorso, Hirschmann, Reiners, & Kress, 2002), we refrained from using this 
model since the pMELTS program is unsuitable for water-rich rhyolitic magmas. The EC-
RA χ FC model calculates the trace-element and isotopic changes of a magmatic system 
in the crust during simultaneous fractional crystallization, magma recharge and 
assimilation, taking into account enthalpy loss and gain. The enthalpy loss includes the 
cooling of the magma and heating and melting of the country rock, whereas crystallization 
and magma recharge result in enthalpy gain. If the temperature of the crustal rocks exceeds 
the solidus of the country rock, the country-rock will melt and produce an anatectic melt. 
The χ represents the mass fraction of the anatectic melt from the country-rock that is added 
to the total mass of the magma body. 
Tables 4.3, 4.4 and 4.5 contain the input parameters for both models. These two 
models use three isotopes (Sr, Nd and Pb) to evaluate the extent of assimilation. Hafnium 
 
 119 
isotopes were not modelled, since they behave similarly to the Nd isotopes. The potential 
crustal assimilants in the crust beneath Milos were discussed in section 4.2 and are 
summarized in Table 4.3. The parental magma (PM1) is used as a starting composition in 
the models (see section 4.1). In the EC-RA χ FC model, the composition of PM1 is also 
used for the recharge magma. 
4.4.3.1 Assimilation and Fractional Crystallization (AFC) without recharge	
The classical AFC model only requires the distribution coefficients of Sr, Nd and 
Pb for the phenocrysts in equilibrium with the magma in a magma chamber. We assume 
that plagioclase crystallization in the lower crust scenario (~25 km depth) is suppressed 
(e.g., Rosenberg and Stünitz, 2003, Klaver et al., 2017), whereas the fractionation of 
amphibole is important. Bulk distribution coefficients were taken as 0.8 for Sr (Dsr), 0.6 
for Nd (DNd) and 0.3 for Pb (DPb) (Table 4.3). These distribution coefficients are in broad 
agreement with mineral abundances observed in cumulate blocks of the pyroclastic units 
of Milos (supplementary material 4.2). Shallow (~5-10 km depth) assimilation of upper 
continental crust, marble and hydrothermally altered material involves crystal 
fractionation of both plagioclase and amphibole, which results in a higher DSr of 1.7. The 
DNd and DPb for the upper crust scenario are comparable to the lower crust scenario. The 
rate of assimilation, expressed as r, (mass assimilated/time unit)/ (mass crystallized/time 
unit), is shown for small amounts of assimilation (r=0.05; r=0.35) and large amounts of 
assimilation (r=0.9) (Table 4.3 and Figure 4.12). 
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Table 4.3. End-member composition and parameters used in the AFC and EC-RA χ FC models. 
End-members Sr (μg/g) Nd (μg/g) Pb (μg/g) 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 
Parental Magma 1 (PM1) 300 10 5 0.7040 0.51272 18.80 
*Lower Crust (LCC) 67 38 22 0.7300 0.51204 18.68 
*Upper Crust – Schists (UCC) 99 27 28 0.7160 0.51224 18.90 
*Upper Crust-Marble 316 2 1 0.7080 0.51228 18.87 
#15% of UCC 85% of hydrothermal assimilant (HAM-1) 119 8 4255 0.7102 - 18.85 
#50% of UCC 50% of hydrothermal assimilant (HAM-2) 111 16 2515 0.7123 - 18.85 
#85% of UCC 15% of hydrothermal assimilant (HAM-3) 103 24 774 0.7148 - 18.85 
#Galena ore 122 5 5001 0.7093 - 18.85 
*The lower crust estimate is derived from the average of the Ios gneisses (Table 4.2), and the upper crust composition is derived from the average Santorini metapelites and marbles 
(supplementary material 4.1, Klaver et al., 2016b). 
# The composition of the hydrothermal assimilant is taken from 15%, 50% and 85% of upper crust and 85%, 50% and 15% of the galena ore (Marschik et al., 2010), respectively, 
corresponding to HAM1, 2 and 3. 
Bulk distribution coefficients are: 0.8 and 1.7 for Sr, 0.3 for Pb, 0.6 for Nd based on the high amphibole abundance of the parental magma G15M0014 (Supplementary material 4.1). 




Table 4.4. Parameters for Lower crust and Upper crust used in the EC-RA χ FC model. 
Different depth Lower Crust Upper Crust 
Magma liquidus temperature 1250 ℃     1200 ℃ 
Magma initial temperature 1250 ℃     1200 ℃ 
Assimilant liquidus temperature 900 ℃      800 ℃ 
Assimilant initial temperature 600 ℃      500 ℃ 
solidus temperature 800 ℃      750 ℃ 
equilibration temperature 875 ℃      800 ℃ 
Crystallization enthalpy 396000 J/kg 
Isobaric sepcific heat of magma  1484 J/kg∙K 
Fusion enthalpy 270000 J/kg 
Isobaric specific heat of assimilant 1370 J/kg∙K 
Recharge magma liquidus Temperature 1320 ℃ 
Recharge magma initial Temperature 1320 ℃ 
Elements Sr Nd Pb 
Recharge magma initial concentration (μg/g) 300 10 5 
Recharge magma isotope ratio 0.70401 0.51272 18.79 
Recharge magma trace element distribution coefficient 1 1 1 
The thermal conditions are mainly based on the ‘standard upper and lower crust case’ of Bohrson and Spera (2001), 
consistent with those of Santorini magmatic system (Flaherty and Druitt et al., 2018)
 
 122 
Table 4.5. Compositional parameters in the EC-RA χ FC model for the Milos volcanic units. 
Table caption: Abbreviations: UCC=Upper Continental Crust; LCC=Lower Continental Crust; HAM= Hydrothermal Altered Material. 
Assimilant LCC UCC HAM3 Marble 
Elements Sr Nd Pb Sr Nd Pb Sr Nd Pb Sr Nd Pb 
Magma initial concentration (μg/g) 300 10 5 300 10 5 300 10 5 300 10 5 
Magma isotope ratio 0.7040 0.51272 18.80 0.7040 0.51272 18.80 0.7040 0.51272 18.80 0.7040 0.51272 18.80 
Bulk solid-melt distribution coefficient 
 between cumulates and melt (Dx-melt) 
0.08 0.6 0.3 
0.07 for Type A 
and C  
or  
2.3 for type D 
0.6 0.3 0.07 0.6 0.3 2.3 0.6 0.3 
Temperature dependence of the  
effective distribution coefficient range 
0.93-2.05 - - 
0.88-2.24 for Type 
A and C 
- - 0.88-2.24 - - - - - 
Enthalpy of trace element distribution reaction -31000 - - -31000 - - -31000 - - - - - 
Assimilant initial concentration (μg/g) 67 38 22 99 27 28 103 24 774 316 2 1 
Assimilant isotope ratio 0.7300 0.51204 18.68 0.7160 0.51224 18.90 0.7148 - 18.85 0.7080 0.51228 18.87 
Bulk solid–melt distribution coefficient  
between country rock and anatectic melt (Dx-anatectic 
melt) 
0.05 0.00003 0.05 0.05 0.0025 0.05 0.05 0.0025 0.05 0.05 0.0025 0.05 
Temperature dependence of the  
effective distribution coefficient range 
- 0.001-0.06 - - 0.07-0.27 - - 0.07-0.27 - - 0.07-0.27 - 






Figure 4.12 Classical AFC models for Milos volcanic units (DePaolo, 1981) with (a) Dsr=0.8 for 
lower crustal assimilation, (b) Dsr=1.7 for marble and upper crustal assimilations (c) DNd=0.6 and 
(d) DPb=0.7 for hydrothermal altered material, lower and upper crustal assimilants. Figure 4.12D 
does not show the AFC model with a hydrothermally altered assimilant since it overlaps with 
upper continental crust assimilation model. r = mass of assimilated anatectic melt/mass of 
cumulates formed during fractional crystallization, and tick marks indicate degree of fractional 
crystallization. AFC models for four end-members are shown in different colours and are 
calculated for r=0.05, 0.35 and 0.9. The compositions of parental magma and end-members for 
the AFC models can be found in Table 4.3. Symbols in red=Type A, green=Type B, black=Type 
C and blue=Type D. See text for discussion. The light grey lines and numbers in the figure 
are hard to see;  need to make them a darker colour.  
The results of the classical AFC models do not constrain the extent of 
assimilation of UCC, LCC and HAM (Figure 4.12, Table 4.6). A relatively low Dsr (0.8) 
of the lower crust scenario only fit the Sr isotope trends for samples containing high Sr 
concentrations (>200 ppm, Figure 4.12A). Furthermore, the AFC curves that fit the 
Milos data indicate a small r (0.05<r<0.35) and high degrees of fractional crystallization 
(>60%). However, the scenario of upper-crust assimilation with Dsr of 1.7 does fit most 
of the Milos data with Sr content of less than 200 ppm. This suggests that both 









played a role in the generation of Milos magmas. (Figure 4.12B). Assimilation of marble 
with small r (r=0.05 and 0.35) is a possibile explanation of the Sr isotopes (Figure 
4.12A), but AFC curves for Nd and Pb isotopes do not fit the Milos data (not shown). 
The low Nd (2 ppm) and Pb (1 ppm) concentrations of the marble require an unrealistic 
amount of assimilation to explain the observed isotopic variation. The LCC AFC 
scenario is consistent with the Nd isotopes that can be explained both by LCC and UCC 
assimilation. The AFC curves for LCC assimilation best fit the lowest 143Nd/144Nd 
samples of Period I with r=0.35-0.9. It is important to note that samples with a 
concentration of Nd less than 15 ppm do not fit any of the AFC curves for LCC or UCC 
assimilation. 
Table 4.6. Results from the classical and energy constraint AFC models. 






Classical AFC model EC-RA χ FC model 
Type A Type C Type D Type A Type C Type D 





































































Assimilation of hydrothermally altered material can only be detected with Pb 
isotopes and concentrations since this material has Sr-Nd concentrations and isotopes 
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similar to the UCC component. Figure 4.12D shows that the high Pb contents of the MVF 
are best explained by a strongly hydrothermally altered UCC composition (HAM3). For 
example, sample G15M0021 that was collected from Cape Vani area (see Figure 4.1) has 
a high Pb content (>500 ppm) consistent with a relatively small amount of HAM3 
assimilation (r=0.35, see Table 4.5). For the samples with lower Pb content (<100 ppm), 
the AFC curves suggest that both UCC and LCC assimilation are possibilities. However, 
this highly depends on which 206Pb/204Pb value is taken for the starting composition of the 
melt. Low 206Pb/204Pb suggest LCC assimilation, observed in the textural type C volcanic 
units of Period I that have 206Pb/204Pb < 18.80, whereas the UCC scenario only fit some 
type C samples of Period I with a high value for r (0.35-0.9) (see Figure 4.12D). Samples 
with high 206Pb/204Pb (>18.9) can only be explained with a classical AFC model with a 
starting magma composition with 206Pb/204Pb > 19.0 and/or a crustal component with 
206Pb/204Pb > 19.1, such as the East Mediterranean Sediments (EMS) (Klaver et al., 2015). 
Figure 9e and f shows that the MVF overlaps with Methana in the Pb isotope diagrams. 
Klaver et al., (2016) and Elburg et al. (2018) suggested that the high 208Pb/204Pb for a 
given 206Pb/204Pb is a characteristic which is also observed in the Ios gneisses, suggesting 
involvement of LCC. Santorini and Nisyros are lower in 208Pb/204Pb (and 207Pb/204Pb) than 
Methana and Milos. Period I (except for two samples) and II have the lowest 206Pb/204Pb 
values, whereas Period III volcanic units have the highest 206Pb/204Pb and overlap with 
Santorini. 
Therefore, the classical AFC models suggest the involvement of both UCC and 
LCC as assimilant in the Milos magmas. Marble is an unlikely assimilant, whereas high 
contents of Pb in some of Period I volcanic units suggest a hydrothermally altered UCC 
component. However, the low Nd and Pb isotope ratios and concentrations cannot be 
explained with the classical AFC model with the input parameters presented above.  
4.4.3.2 AFC models with recharge: EC-RA χ FC  
The EC-RA χ FC model requires input parameters of the initial and liquidus 
temperatures of the magma body, country rock and recharge magma. These temperatures 
are difficult to obtain for the MVF and therefore we use thermal parameters from a 
comparable volcanic field in eastern Nevada that were provided by Bohrson and Spera 
(2001). The volcanic rocks of eastern Nevada are Paleogene in age and have an 
intermediate-silicic composition (e.g., Gans and Miller, 1983; Feeley and Grunder, 1991). 
Furthermore, the structure of the continental crust is also comparable to the MVF (e.g., 
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Hauge, 1987). Therefore, we use input parameters of the Nevada volcanic units for the 
MVF with some minor modifications (Table 4 of Bohrson and Spera, 2001).  
We increased the lower crustal assimilant liquidus temperature by 50 °C to 900 °C 
to fit with the circumstances of Milos. This is based on the reported temperature and 
pressure of the deep magma reservoir underneath Santorini (7.5-14 km, lower crust: 10-
20 km, Fig 10) by Flaherty et al. (2018). The magma liquidus temperature was also raised 
by 50 °C to 1250 °C to be consistent with the adjustment of assimilant liquidus 
temperature. The initial and solidus temperatures of the assimilant of the lower crust were 
set to 600 °C and 800 °C, respectively, based on the lower crustal setting of the Nevada 
case of Bohrson and Spera (2001).  
Assimilation of upper continental crust (<15 km depth) was modelled with initial, 
liquidus and solidus temperatures for the assimilant of 500 °C, 800 °C and 750 °C, 
respectively, based on the magmatic thermal analysis underneath SAVA of Bachmann et 
al. (2012). The equilibration temperatures of the LCC and UCC were set to 875 °C and 
800 °C, respectively, based on the best fits with the Sr-Nd-Pb isotope data of the MVF 




Figure 4.13 The EC-RA χ FC model with (A) Sr concentration versus 87Sr/86Sr with different 
assimilants and (B) Sr versus 87Sr/86Sr detail of Figure 4.13A, (C) Nd concentration versus 
143Nd/144Nd with different assimilants and (D) Nd versus 143Nd/144Nd, detail of Fig 13C, (E) Pb 
concentration versus 206Pb/204Pb with different assimilants and (F) 206Pb/204Pb versus 143Nd/144Nd 
with different assimilants. The parameters and the composition of the end-members for the EC-
RA χ FC model are given in Table 4.4 and 4.5. Symbols in red=Type A, green=Type B, 
black=Type C and blue=Type D. Tick marks indicate degree of fractional crystallization in %. 
See text for discussion. Hard to see/read some of the lines and numbers;  
The EC-RA χ FC model requires two distribution coefficients for each element: 
(1) the distribution of the element of interest (x) between the magma and phenocrysts (Dx-
melt), and (2) the distribution of that element between the anatectic melt and the country-









model, the DNd-melt and DPb-melt are the same as for the classical AFC model. The DSr-melt is 
temperature dependant (Spera and Bohrson, 2001) and is therefore varied between 0.8 to 
2.3 during fractional crystallization (Table 4.5). The DSr (2.3) is considered constant for 
the textural type D volcanic units, since these are characterised by a low abundance of 
plagioclase phenocrysts. The enthalpies of country rock/anatectic melt partition 
coefficient and magma/cumulate partition coefficient for the Sr is same as used in the 
example of eastern Nevada of Bohrson and Spera (2001). The DNd-anatectic melt and DSr-anatectic 
melt of the anatectic melt extracted from the country rock were also taken from the example 
of eastern Nevada (Table 4.5). The DPb-anatectic melt in this study was set at 0.05, similar to 
the DSr-anatectic melt. 
The EC-RA χ FC model results in the same type assimilants for the different 
Periods and textural types as for the classical AFC model. In general, smaller amounts of 
assimilants and rates of assimilation/crystallization (r) are required than in the classical 
AFC model. The younger volcanic units of Period II and III assimilated less upper 
continental crust (r=0.04-0.12) than those of Period I (r=0.18-0.12, Figure 4.13). 
However, the implied assimilation histories are very complex. For example, in the 
diagram of Sr against 87Sr/86Sr Figure 4.13B), the type A units of Period I cannot be 
simply explained by a single curve of the EC-RA χ FC model and the units of Period II 
and III fit the marble assimilation curve better with an r value of 0.18 (purple line of 
Figure 4.13A and 4.13B). The type C volcanic units are mainly produced during Period 
I. The oldest magmas from south-western Milos (~3.34-2.66 Ma) fit best with lower 
crust assimilation (r=0.18), and the younger type C units (Period II and III) can be best 
explained by assimilation of UCC and/or HAM3. The rhyolitic type D volcanic units are 
most likely influenced by a small amount of assimilation of UCC material (r=0.04). 
High Sr concentrations (>400ppm) cannot be explained by the EC-RA χ FC models. 
The EC-RA χ FC curves in the Nd versus 143Nd/144Nd, diagram of all types of 
assimilants do not fit the volcanic units that have low Nd concentrations (<20 ppm), 
similar as the result from the classical AFC model (Figure 4.12C and 4.13D). In addition, 
none of the high Pb isotope ratios (206Pb/204Pb>18.9) in Figure 4.13F can be explained 
with the EC-RA χ FC model. Models that fit the data can be generated by starting with 
different end-members and parameters but require: 
(1) The parental magma could have had lower Nd isotopes (143Nd/144Nd~0.5126) and 
more variable Pb isotopes (206Pb/204Pb between 18.7 and 19.1) and lower 
concentrations of Pb and Nd than the composition we estimated based on the mafic 
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inclusions of Milos lavas and the inferred parental magma compositions of other 
SAVA centres. This would result in better curve fitting for the low Nd and Pb 
concentration samples in both models. However, such compositions have not been 
reported for the SAVA. In both models the Pb isotope AFC models can only be 
fitted if the parental melt composition has varied. 
(2) The Nd and Pb concentrations of the assimilants were significantly lower than the 
values we used in the AFC and EC-RA χ FC models. A larger variation of Pb 
concentrations and isotopes of Ios and Santorini basement could also explain the 
misfit with some of the models. However, this would result in very large amounts 
of assimilated material in Milos magmas, which we consider an unlikely scenario. 
(3) The MVF volcanic units show clear evidence for large scale magma mixing on 
both macroscopic and microscopic scales (see supplementary material 4.2). It is 
therefore conceivable that the felsic melts generated by AFC or EC-RA χ FC 
processes in the lower crust mix with mafic melts or resorb cumulates before 
ascending to the surface. This would explain the mixed nature and the low Pb and 
Nd concentrations of Milos magmas. We will explore this possibility in section 
4.4.4. 
In summary, the results of both the classical AFC and EC-RA χ FC models suggest 
that the amount of assimilation has decreased over time (r value changes from 0.18 to 
0.04, Table 4.6). The magmatic evolution of the MVF mainly starts with the lower crust 
assimilation in the south-west of Milos during Period I, then it changes to a complex 
process of assimilation involving marble assimilation for type A units. upper crust and 
HAM for type C during Period II-III. During the last Period, III, the amount of assimilation 
is much lower than the other Periods. Neither of the models provides consistent results, 




Figure 4.14 (A-C) Trace-element and (D) Nd isotope models illustrating a three-stage process 
for generating Milos magmas. Model parameters are given in Table 4.7. In Figure 4.14A-C the 
first stage starts with fractional crystallization of an olivine-clinopyroxene-plagioclase 
assemblage (solid line). The arrow with the text “AIM”, indicates the melt composition where 
amphibole is added to the fractional crystallization assemblage (dashed line). The second stage 
is indicated by the point-dashed line and represents the resorption of olivine-clinopyroxene 
cumulates and the fractionation of amphibole (peritectic reaction), driving the melt composition 
to low Y and Dy/Yb. The light grey lines represent the third stage showing possible trajectories 
for magma mixing between melts that have variable resorbed cumulates (CM1 and CM2) and 
parental melt 1 (PM1). Figure 4.14D shows a scenario where assimilation of lower continental 
crust occurs during fractional crystallization of olivine-clinopyroxene-plagioclase (solid line) 
and the amphibole-olivine-clinopyroxene-plagioclase (dashed line) assemblages. The second 
stage consists of two possible scenarios of resorption of cumulates, one with low 143Nd/144Nd 
(0.5124) and another with a high 143Nd/144Nd (0.51257) as starting composition. The third stage 
shows magma mixing between melts that have resorbted different amounts of cumulates (CAM1 
and CAM2) and parental magma 1 (PM1). See text for discussion. Symbols are same as in 
Figure 4.9. 
4.4.4 Other mechanisms to generate large volumes of felsic melts 
Figure 4.7 shows that the felsic (SiO2 > 70 wt.%) end-member has a relatively 
homogenous composition and is characterized by less assimilation of UCC/LCC material 
(Fig 12 and 13) than many of the andesitic samples of Period I and II. It is therefore 
unlikely that the significant volumes of felsic melt are the result of assimilation alone 
since that would be expected to be associated with larger degrees of assimilation, 
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something we do not observe for the Period III magmas. Mechanisms other than AFC to 
create significant amounts of felsic melt is in a Deep Crustal Hot Zone (DCHZ) (Annen 
et al., 2006). In the DCHZ intrusion of sills in the lower crust heats the surrounding rocks, 
and produces water-rich melts that contain contributions from residual melts after 
fractionation of olivine, pyroxene and amphibole and anatectic melts derived from the 
surrounding country rock (e.g., assimilation of metamorphic and/or magmatic rocks from 
previous intrusions) (Annen et al, 2006). 
A possible DCHZ scenario for the MVF is shown in Figure 4.14 and Table 4.7, 
based on models presented by Klaver et al. (2018). The parental melt (composition similar 
to PM1, Table 4.7) starts with fractionation of an amphibole free assemblage of olivine, 
clinopyroxene, plagioclase and apatite (Figure 4.14A-C). At approximately 60-70% 
crystallization amphibole will become stable and start to drive the melt to higher Rb 
concentration and low Dy/Yb (Figure 4.14A and C). Although some of the Milos magma 
compositions do fit this scenario (which also depends on the remaining melt fraction, F), 
many of the Milos samples are characterised by higher Cr (not shown) lower Y and Yb 
concentrations and lower Dy/Yb ratios and higher La/Yb ratios, than can be generated 
with the scenario of olivine-clinopyroxene-amphibole-plagioclase fractional 
crystallization in two stages. Klaver et al. (2018) argued that these low Dy/Yb and Yb 
concentrations for Nisyros rhyodacites can be explained by the resorption of olivine-
clinopyroxene cumulates that produce amphibole by a peritectic reaction that has also 
been observed in experiments (e.g., Ulmer et al., 2018). In thin sections, micro-cumulates 
of olivine-clinopyroxene-amphibole and plagioclase are observed in some of the Milos 
samples (e.g., type C units of Period I). In addition, many of the felsic magmas of Milos 
have high and relatively constant Cr contents of 5-10 μg/g (supplementary material 4.2), 
which is too high for >70% fractional crystallization of olivine-amphibole-clinopyroxene. 
This suggests that the resorption of Cr containing minerals, such as olivine and 
clinopyroxene, is necessary to obtain these relatively high and constant values in the Milos 
felsic melts (e.g., Klaver et al. 2018).  
The occurrence of micro-cumulates and the relatively constant high-concentration 
of compatible elements (e.g., Cr) point to the resorption of olivine and clinopyroxene 
cumulates that react with the melt forming amphibole and a more felsic melt. This process 
can be modelled by an AFC model (Klaver et al. 2018) (see Table 4.7 for details). The 
assimilation of cumulates results in low Y, Yb concentrations and low Dy/Yb ratios. The 
rhyodacitic melts created by this process fit the MVF data (Figure 4.14).  
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Table 4.7.1. Distribution coefficients used in Figure 4.14. 
Distribution 
coefficients  
Element Rb Y La Nd Dy Yb 
Olivine 0.001 0.005 0.001 0.001 0.009 0.02 
Clinopyroxene 0.01 0.814 0.5 0.6 0.798 0.775 
Plagioclase 0.014 0.018 0.02 0.02 0.015 0.01 
Amphibole 0.01 2.072 0.3 0.4 2.35 0.866 














0.011 1.058 0.511 0.49 1.151 0.536 
CM1, Cumulate 
Assimilation (AFC 
model of DePaolo, 





0.01 1.13 0.3 0.3 1.3 0.95 
 
Many MVF samples contain clear evidence for magma mixing between mafic 
and felsic melts, such as mafic inclusions of sample G15M0013 (see section 4.4.1). The 
extensive mixing between melts generated by the resorption of cumulate fragments is 
also observed in the trace-element data of Figure 4.14. Most of the MVF magmas can be 
explained by variable proportions of melts generated by different degrees of cumulate 
resorption that mix with the parental melt PM1. We note that the Period I magmas with 
relatively high Dy/Yb ratios have experienced the least amount of cumulate resorption. 
However, Period III magmas and some of Period II are characterised by the lowest 
Dy/Yb ratios, and thus contain the largest proportion of melts generated by cumulate 
resorption. This is consistent with the observations of Klaver et al (2018) that in 
subduction settings?? it takes time to build up a DCHZ to produce felsic melts. 
Zhou et al. (2021) showed that the Period I and III are characterised by relatively 
low volcanic output rates (Qe) whereas during Period II the Qe was 3-5 times higher 
(Figure 4.3). Most of the Period I volcanic units show the least effect of cumulate 
resorbtion (relatively high Dy/Yb, Fig 14), whereas Period III volcanic units are 
characterised by the largest amounts of cumulate resorption. Period II, with the highest 
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volcanic output rate, is intermediate between the two. There is thus no clear correlation 
between these processes and the volcanic output rate. 
Table 4.7.2. Input data for fractional crystallization, cumulate resorption and magma 
mixing in Figure 4.14A-C. 














Cumulate Melt 2 
(CM2) 
(μg/g) 
Rb 10 39.45 0.39 184.47 50.44 
Y 10 28.12 1.11 13.15 24.88 
La 10 16.88 5.00 47.36 20.04 
Dy 2.5 5.08 2.24 2.31 4.40 
Yb 1.4 2.93 1.26 2.47 2.85 












Amph in AFC 
(amph_AFC1) 
(μg/g) 
CAM0_1 CAM0_2 CAM1 CAM2 
Nd 10 50 4.34 4.9 7.61 11.11 14.04 
Dy 2.5 6.8 1.72 1.76 1.94 1.73 1.60 
Yb 1.4 4 1.00 1.05 1.29 1.59 1.67 
143Nd/144Nd 0.51272 0.51210 0.51263 0.512575 0.512421 0.512655 0.512473 
In the trace-element models of Figure 4.14A-C we have ignored the effects of 
assimilation. Figure 4.14D shows a model that incorporates both assimilation of the LCC, 
fractional crystallization and the resorption of olivine-clinopyroxene cumulates (peritectic 
reaction). The model uses two different melt compositions that assimilated cumulates. The 
Milos volcanic units can be explained by this process, in which case the low 143Nd/144Nd 
signature of lower crust assimilation is obtained before the cumulates are resorbed. Fig. 
14d shows that this process can generate the Dy/Yb and 143Nd/144Nd trends observed in 
the MVF, if we include magma mixing of these melts with the parental melt. Although 
these models contain a large number of assumptions and uncertainties (for example in the 
distribution coefficients) this model is capable of explaining observations in the 
geochemical signature of the MVF that other models cannot: 
(1) Fractional crystallization models are inconsistent with the low Y, Yb and high Rb, 
Cr concentrations in most of the MVF magmas.  
(2) Assimilation alone cannot explain the felsic melts, as the highest SiO2 melts of 
Period III are characterised by higher 143Nd/144Nd than many of the andesites. 
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(3) Amphibole is an important phase in generating the very low Dy/Yb ratios and Y 
and Yb contents. Olivine-clinopyroxene cumulate absorption through a peritectic 
reaction that forms amphibole fits these observations. 
(4) The assimilation of LCC occured before the cumulates were resorbed, resulting in 
a large spread in Dy/Yb and 143Nd/144Nd compositions. 
 
Figure 4.15 Schematic cross-section illustrating possible scenarios for assimilation and 
differentation Milos magmas, based on the Deep Crustal Hot Zone (DCHZ) model of Annen et 
al. (2006). Abbreviation: Ol=Olivine; Cpx=Clinopyroxene; Plag=Plagioclase; LCC=Lower 
Continental Crust; UCC=Upper Continental Crust. See details of Type A-D in section 4.3.1. See 
text for discussion. 
In summary, a scenario where mantle-derived melts are assimilating lower crustal 
material with limited or no amphibole fractionation before resorbing older cumulates and 
crystallizing amphibole is capable of explaining the high Cr contents, low Dy/Yb melts 
and high 143Nd/144Nd of Milos magmas (Figure 4.15). Magma mixing during shallow 
storage with melts that are similar in composition to the magmas derived from the mantle 
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creates the high Nd isotopes (>0.51270) and incompatible elements (like Rb). Most of the 
assimilation occurs in the lower crust, before resorption of the cumulates. Small amounts 
of assimilation of upper crustal lithologies and hydrothermal altered material occurs at 
shallow depth (Figure 4.15). The melt fraction created by cumulate resorption becomes 
more pronounced in the younger felsic magmas of Period III. 
4.5 Conclusions 
1. The volcanic rocks from Milos have highly variable petrographic textures that 
include crystal free obsidian to highly porphyritic (>30% crystals) andesite. The 
geochemical and petrological characteristics of these volcanic units allow a 
division into four types: type A, low-porphyritic andesite to rhyolite; type B, high-
porphyritic (>30%) basaltic andesite to dacite; type C, high-porphyritic (20% in 
general) andesite to (rhyo)dacite and type D, low-porphyritic rhyolitic pumice. 
2. Milos volcanic history started with a large volume of rhyolitic magma (>3.0 Ma) 
and subsequently changed to more variable compositions (basaltic-andesite to 
rhyolite, SiO2 wt.% = 53.0 - 78.4, ~3.0-1.0 Ma). Between 1.0-0.0 Ma (Period III) 
the volcanic products were all rhyolitic in composition. Volcanic units have a 
typical trace-element subduction signature and variable isotopic ratios: 87Sr/86Sr 
(0.704-0.708), 143Nd/144Nd (0.51231-0.51272), 206Pb/204Pb (18.72-19.09) and 
176Hf/177Hf (0.28265-0.28295). The isotopic signatures do not indicate simple 
assimilation, but complex recharge/assimilation of different crustal and mafic 
components. 
3. The classical AFC and EC-RA χ FC models cannot explain why the Period III 
(1.5-0.0 Ma) magmas have assimilated smaller quantities of lower continental 
crust than some of Period I andesites. Assimilant compositions from the lower- 
and upper continental crust cannot explain the variation observed in the radiogenic 
isotope variation observed in the MVF. Viable petrogenetics models require a 
temporal variation in the mafic magma end-member composition. However, this 
variation has not been observed in the mafic inclusions of Milos volcanic units. 
4. A more complex model, with assimilation of LCC and resorption of olivine – 
clinopyroxene cumulates that react to amphibole and melt can explain the Dy/Yb 
trends and radiogenic isotopes. Mixing with mafic melt is required to explain the 
large variation in Nd isotopes and Dy/Yb ratios.  
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5. No systematic correlations between the volcanic output rate (Qe) and 
geochemical characteristics are observed. However, assimilation rates are highest 
during Period I (3.3-2.7 Ma), and lowest during Period III (1.5-0.0 Ma). 
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Supplementary material 4.1 
Table S4.1.1. Run conditions of the AxiosMax WD-XRF 
        Background Offset               PHD Counting Time 
Element Sample Line Angle (2Th) Bg1 Bg2 Tube KV mA Tube Filter Collimator Crystal Detector LL UL Peak Bg 
Fe Bead KA 57.5344 - 1.5000 Rh 40 90 No 100 LiF 200 Duplex 35 70 20 20 
Mn Bead KA 62.9922 -1.5000 1.5000 Rh 40 90 No 300 LiF 200 Duplex 35 70 240 240 
Ti Bead KA 86.1786 -1.2000 2.6000 Rh 40 90 No 300 LiF 200 Flow 30 70 60 120 
Ca Bead KA 113.1368 -3.1600 - Rh 40 90 No 300 LiF 200 Flow 34 68 60 60 
K Bead KA 136.7132 -5.0000 4.0000 Rh 40 90 No 300 LiF 200 Flow 32 72 120 120 
P Bead KA 140.9872 -6.0000 2.5000 Rh 40 90 No 300 Ge 111 Flow 36 70 120 120 
Si Bead KA 109.1064 - 4.0000 Rh 40 90 No 300 PE 002 Flow 30 75 30 60 
Al Bead KA 144.9052 -5.0000 - Rh 40 90 No 300 PE 002 Flow 30 78 60 60 
Mg Bead KA 22.0352 -1.6000 2.0000 Rh 40 90 No 100 PX1 Flow 28 66 240 240 
Na Bead KA 26.6148 -1.5000 1.5000 Rh 40 90 No 300 PX1 Flow 28 66 240 240 
Ba Bead LA 87.1496 -2.1500 1.7000 Rh 40 90 No 300 LiF 200 Flow 30 65 240 240 
Mo Pressed Powder KA 20.2800 - 0.7000 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 300 
Nb Pressed Powder KA 21.3750 -0.3950 1.8000 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Zr Pressed Powder KA 22.5000 Nb Bg1 Nb Bg2 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Y Pressed Powder KA 23.7500 -0.5750 0.9500 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Sr Pressed Powder KA 25.1060 Y Bg2 0.5940 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
U Pressed Powder LA 26.1250 Sr Bg2 Rb Bg2 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Rb Pressed Powder KA 26.5730 Sr Bg2 0.4770 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Th Pressed Powder LA 27.4500 Rb Bg2 Pb Bg2 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Pb Pressed Powder LB1 28.2350 Rb Bg2 0.3650 Rh 60 60 No 100 LiF 200 Scint. 28 70 300 240 
Ga Pressed Powder KA 38.9000 -2.1600 0.5800 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Zn Pressed Powder KA 41.7800 -0.8800 0.7200 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
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W Pressed Powder LA 43.0100 Zn Bg2 Ni Bg1 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Ta Pressed Powder LA 44.4100 Ni Bg1 Ni Bg2 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Cu Pressed Powder KA 45.0100 Ni Bg1 Ni Bg2 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Hf Pressed Powder LA 45.8700 Ni Bg1 Ni Bg2 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Er Pressed Powder LB1 46.4200 Ni Bg1 Ni Bg2 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Ni Pressed Powder KA 48.6500 -5.2500 1.2500 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Yb Pressed Powder LA 49.0600 Ni Bg1 Ni Bg2 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
Dy Pressed Powder LB1 50.2700 Ni Bg1 Ni Bg2 Rh 60 60 No 300 LiF 200 Duplex 37 63 300 300 
La Pressed Powder LA 82.9228 -0.8000 1.1000 Rh 60 60 No 300 LiF 200 Flow 35 65 300 150 
Ce Pressed Powder LB1 71.5926 -0.8000 - Rh 60 60 No 300 LiF 200 Duplex 35 65 300 300 
Pr Pressed Powder LB1 68.2256 - 0.4200 Rh 60 60 No 300 LiF 200 Duplex 35 65 300 300 
Nd Pressed Powder LB1 65.0930 -0.5000 0.6500 Rh 60 60 No 300 LiF 200 Duplex 35 65 300 150 
Sm Pressed Powder LA 66.2442 -0.4000 - Rh 60 60 No 300 LiF 200 Duplex 35 65 300 300 
V Pressed Powder KA 123.1798 -2.3700 8.8300 Rh 60 60 No 300 LiF 220 Duplex 28 75 300 200 
Cr Pressed Powder KA 107.1280 -1.4100 2.8900 Rh 60 60 No 300 LiF 220 Duplex 30 66 300 200 
Co Pressed Powder KA 77.8710 -3.3900 - Rh 60 60 No 300 LiF 220 Duplex 36 66 300 300 





Table S4.1.2. Precision and accuracy of major-elements measured by WD-XRF. 
      AGV-2             BCR-2       
  
Average (N 
samples) St. Dev. 
Recommended 
value CV (%) 
Delta 
(%) N   
Average (N 
samples) St. Dev. 
Recommended 
value CV (%) 
Delta 
(%) N 
Fe2O3 6.785 0.02 6.78 0.288 -1.141 25 Fe2O3 13.748 0.035 13.77 0.254 -0.409 23 
MnO 0.1 0.001 0.1004 0.581 -1.529 25 MnO 0.197 0.001 0.197 0.259 0.243 23 
TiO2 1.045 0.003 1.051 0.294 -1.744 25 TiO2 2.246 0.007 2.265 0.303 -1.084 23 
CaO 5.254 0.02 5.15 0.381 0.749 25 CaO 7.097 0.016 7.114 0.219 -0.489 23 
K2O 2.92 0.011 2.898 0.384 -0.461 25 K2O 1.773 0.005 1.774 0.293 -0.267 23 
P2O5 0.486 0.003 0.483 0.691 -0.663 25 P2O5 0.356 0.002 0.3593 0.573 -1.159 23 
SiO2 59.91 0.338 59.14 0.563 0.049 25 SiO2 53.97 0.226 54.00 0.419 -0.302 23 
Al2O3 17.099 0.102 17.03 0.595 -0.833 25 Al2O3 13.465 0.045 13.48 0.333 -0.354 23 
MgO 1.793 0.011 1.8 0.595 -1.635 25 MgO 3.58 0.013 3.60 0.355 -0.782 23 
Na2O 4.269 0.033 4.204 0.767 0.28 25 Na2O 3.177 0.019 3.12 0.588 1.562 23 
BaO 0.127 0 0.128 0.344 -1.123 25 BaO 0.075 0 0.08 0.564 -2.373 23 
     BHVO-2             GSP-2       
  
Average (N 
samples) St. Dev. 
Recommended 
value CV (%) 
Delta 
(%) N   
Average (N 
samples) St. Dev. 
Recommended 
value CV (%) 
Delta 
(%) N 
Fe2O3 12.295 0.03 12.39 0.246 -0.766 25 Fe2O3 4.906 0.011 4.961 0.223 -1.11 25 
MnO 0.169 0 0.169 0.258 -0.142 25 MnO 0.041 0.001 0.041 1.232 -0.976 25 
TiO2 2.728 0.007 2.731 0.263 -0.098 25 TiO2 0.663 0.002 0.668 0.263 -0.79 25 
CaO 11.307 0.035 11.4 0.307 -0.815 25 CaO 2.107 0.007 2.213 0.346 -4.782 25 
K2O 0.509 0.002 0.513 0.384 -0.764 25 K2O 5.422 0.019 5.457 0.346 -0.65 25 
P2O5 0.265 0.002 0.268 0.597 -0.94 25 P2O5 0.29 0.002 0.294 0.536 -1.293 25 
SiO2 49.376 0.239 49.599 0.484 -0.45 25 SiO2 66.933 0.295 67.429 0.441 -0.736 25 
Al2O3 13.444 0.065 13.44 0.484 0.027 25 Al2O3 14.997 0.071 15.086 0.473 -0.587 25 
MgO 7.187 0.038 7.257 0.534 -0.965 25 MgO 0.965 0.006 0.972 0.622 -0.695 25 
Na2O 2.213 0.016 2.219 0.722 -0.279 25 Na2O 2.832 0.02 2.815 0.706 0.62 25 
BaO 0.014 0 0.015 2.875 -2.74 25 BaO 0.15 0.001 0.152 0.389 -0.673 25 
Precision (given as 1 RSD) and accuracy (difference between [the measured value-reference value]/reference value)*100%. The reference values are derived from Jochum et al., 2016 and the 
values published on georem.mpch-mainz.de 
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Table S4.1.3. Precision and accuracy of trace-elements measured by WD-XRF. 
      AGV-2             BCR-2       
  




Sc 18.5 0.41 13.11 2.24 41.11 18 Sc 37.16 0.84 33.53 2.25 10.83 18 
V 113.13 1.74 118.5 1.54 -4.53 18 V 417.98 5.37 417.6 1.28 0.09 18 
Cr 14.03 0.93 16.22 6.63 -13.48 18 Cr 14.08 0.87 15.85 6.2 -11.15 18 
Mn 832.03 15.47 777 1.86 7.08 18 Mn 1551.91 22.42 1523 1.44 1.9 18 
Co 15.2 0.5 15.46 3.29 -1.68 18 Co 35.19 0.89 37.33 2.52 -5.72 18 
Ni 16.95 0.55 18.87 3.27 -10.17 18 Ni 11.48 0.35 12.57 3.05 -8.64 18 
Cu 56.54 1.81 51.51 3.2 9.76 18 Cu 20.37 1.13 19.66 5.54 3.59 18 
Zn 97.97 2.65 86.7 2.71 13 18 Zn 144.78 2.59 129.5 1.79 11.8 18 
Ga 21.91 0.94 20.42 4.3 7.28 18 Ga 24.43 0.87 22.07 3.57 10.71 18 
Rb 67.36 2.79 67.79 4.14 -0.64 18 Rb 46.79 1.79 46.02 3.83 1.68 18 
Sr 626.85 19.74 659.5 3.15 -4.95 18 Sr 324.84 9.48 337.4 2.92 -3.72 18 
Y 18.16 0.76 19.14 4.2 -5.14 18 Y 32.78 1.2 36.07 3.65 -9.11 18 
Zr 230.91 7.65 232 3.31 -0.47 18 Zr 184.71 5.74 186.5 3.11 -0.96 18 
Nb 12.33 0.53 14.12 4.34 -12.65 18 Nb 11.14 0.39 12.44 3.49 -10.46 18 
Mo 2.04 0.18 2 8.75 2.22 18 Mo 228.67 5.91 250.6 2.58 -8.75 18 
Ba 1273.67 37.2 1134 2.92 12.32 18 Ba 761.96 18.55 683.9 2.44 11.41 18 
La 50.34 4.22 38.21 8.39 31.74 18 La 37.24 3.69 25.08 9.9 48.48 18 
Ce 72.99 2.85 69.43 3.91 5.13 18 Ce 59.24 2.98 53.12 5.02 11.52 18 
Nd 32.79 1.74 30.49 5.3 7.56 18 Nd 32.21 1.65 28.26 5.13 13.96 18 
Sm 3.89 2.05 6.55 52.65 -40.6 18 Sm 5.1 1.91 6.55 37.36 -22.1 18 
Hf 6.13 0.69 5.14 11.3 19.4 18 Hf 6.09 0.86 4.97 14.07 22.46 18 
Ta 0.45 0.38 0.79 83.93 -42.68 18 Ta 0.04 0.54 0.79 1380.93 -95.05 18 
W 1.01 0.67 0.55 65.86 82.84 18 W 0.99 0.98 0.47 99.04 113.86 18 
Pb 11.07 0.6 13.14 5.41 -15.78 18 Pb 9.53 0.65 10.59 6.82 -9.98 18 
Th 9.35 0.81 6.17 8.65 51.44 18 Th 7.07 0.5 5.83 7.12 21.25 18 
U 3.93 0.34 1.89 8.54 108.66 18 U 2.73 0.31 1.68 11.5 62.41 18 
     BHVO-2             GSP-2       
  





Sc 40.48 0.72 31.83 1.77 27.17 18 Sc 7.89 0.45 22 5.75 -64.14 18 
V 307.83 3.04 318.2 0.99 -3.26 18 V 47.08 0.75 52 1.6 -9.47 18 
Cr 298.34 3.2 287.2 1.07 3.88 18 Cr 19.69 0.58 20 2.97 -1.56 18 
Mn 1365.89 17.76 1309 1.3 4.35 18 Mn 323.01 5.95 314 1.84 2.87 18 
Co 43.89 0.71 44.89 1.61 -2.22 18 Co 6.24 0.43 7.3 6.89 -14.54 18 
Ni 119.79 1.31 119.8 1.09 -0.01 18 Ni 15.14 0.36 17 2.36 -10.95 18 
Cu 132.86 2.37 129.3 1.78 2.75 18 Cu 41.79 1.07 43 2.56 -2.82 18 
Zn 115.56 2.38 103.9 2.06 11.22 18 Zn 124.37 1.76 120 1.42 3.64 18 
Ga 22.8 0.73 15.46 3.21 47.48 18 Ga 23.47 0.72 22 3.09 6.67 18 
Rb 9.54 0.36 9.26 3.74 3 18 Rb 234.19 7.2 245 3.08 -4.41 18 
Sr 368.77 9.9 394.1 2.68 -6.43 18 Sr 224.12 4.82 240 2.15 -6.62 18 
Y 23.57 0.84 25.91 3.58 -9.02 18 Y 23.42 0.62 28 2.63 -16.35 18 
Zr 165.83 4.76 171.2 2.87 -3.13 18 Zr 552.01 14.6 550 2.64 0.36 18 
Nb 16.28 0.54 18.1 3.3 -10.07 18 Nb 23.89 0.55 27 2.32 -11.5 18 
Mo 3.7 0.21 0.07 5.71 5341.18 18 Mo 1.89 0.13 2.1 7.12 -9.79 18 
Ba 97.48 14.45 130.9 14.83 -25.53 18 Ba 1458.19 31.07 1340 2.13 8.82 18 
La 25.89 2.88 0.63 11.13 4029.01 18 La 195.32 5.27 180 2.7 8.51 18 
Ce 40.09 2.45 37.53 6.12 6.83 18 Ce 408.28 5.96 410 1.46 -0.42 18 
Nd 26.58 1.41 24.27 5.31 9.53 18 Nd 202.24 2.33 200 1.15 1.12 18 
Sm 4.83 1.97 6.02 40.85 -19.75 18 Sm 22.41 1.9 27 8.5 -17.02 18 
Hf 5.37 0.74 0.58 13.84 821.79 18 Hf 14.65 0.96 14 6.54 4.64 18 
Ta 0.66 0.74 1.15 112.61 -43.19 18 Ta 0.22 0.52 0.8 240.74 -72.92 18 
W 1.09 0.86 0.25 78.69 336.03 18 W 0.92 0.64 0.34 69.54 169.26 18 
Pb 0.36 0.37 1.65 103.55 -78.49 18 Pb 40.39 1.81 42 4.47 -3.84 18 
Th 3.57 0.5 1.22 14.07 191.85 18 Th 108.48 3.95 105 3.64 3.32 18 
U 1.47 0.34 0.41 22.92 257.34 18 U 3.54 0.32 2.4 9.15 47.45 18 
Precision (given as 1 RSD) and accuracy (difference between the measured value-reference value/reference value)*100%. The reference values are derived from Jochum et al., 2016 and the 
values published on georem.mpch-main
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Table S4.1.4. Running conditions Thermo XSeries II ICP-MS. 
Cool flow:   15 l.min
-1 RF power:   1200 Watt 
Aux flow:  1.0 l.min
-1 Number of sweeps: 200 s-1 
Nebulizer flow: 0.8 l.min-1 
Sensitivity:  
 





115In: 20 x 106 cnts/ppm 
Reflected power: <10 Watt   238U: 80 x 106 cnts/ppm 
 
Table S4.1.5. ICP-MS Standards results comparing with USGS reference 
 


















7Li 9.23 9.13 3.4 1.1% 10.48 10.80 8.8 3.0% 
9Be 2.21 2.17 16.1 1.9% 2.27 2.21 11.2 2.7% 
45Sc 33.41 33.53 2.0 0.4% 28.51 13.11 55.3 117.5% 
47Ti 13565.49 13500.00 2.3 0.5% 6127.26 6300.00 8.1 2.7% 
49Ti 13649.93 13500.00 1.8 1.1% 6013.06 6300.00 9.5 4.6% 
51V 425.54 417.60 3.8 1.9% 112.99 118.50 7.9 4.7% 
53Cr 15.00 15.85 7.0 5.4% 15.67 16.22 7.8 3.4% 
59Co 37.84 37.33 2.8 1.4% 15.38 15.46 7.3 0.5% 
61Ni 22.06 12.57 38.9 75.5% 12.18 18.87 45.7 35.4% 
63Cu 132.23 19.66 142.1 572.6% 30.48 51.51 77.5 40.8% 
71Ga 22.37 22.07 1.8 1.4% 20.48 20.42 6.8 0.3% 
85Rb 47.54 46.02 3.1 3.3% 63.31 67.79 16.9 6.6% 
86Sr 342.19 337.40 2.1 1.4% 638.04 659.50 8.8 3.3% 
89Y 36.30 36.07 2.2 0.7% 19.44 19.14 7.4 1.6% 
91Zr 189.07 186.50 2.0 1.4% 231.83 232.00 7.0 0.1% 
93Nb 12.44 12.44 1.9 0.0% 13.67 14.12 7.1 3.2% 
98Mo 274.26 250.60 7.5 9.4% 2.04 2.00 9.3 1.9% 
115In 0.33 0.70 81.8 52.7% 0.15 0.05 77.2 209.2% 
133Cs 1.15 1.16 2.0 0.5% 1.08 1.17 9.0 7.9% 
137Ba 698.98 683.90 2.4 2.2% 1155.82 1134.00 6.0 1.9% 
139La 25.39 25.08 1.9 1.2% 37.52 38.21 8.2 1.8% 
140Ce 53.97 53.12 1.8 1.6% 68.37 69.43 8.9 1.5% 
141Pr 6.92 6.83 2.7 1.4% 8.08 8.17 7.1 1.1% 
146Nd 28.79 28.26 2.4 1.9% 30.21 30.49 6.9 0.9% 
147Sm 6.65 6.55 2.5 1.6% 5.48 5.51 6.4 0.5% 
151Eu 2.02 1.99 2.2 1.5% 1.61 1.55 9.5 3.7% 
160Gd 6.91 6.81 2.3 1.4% 4.58 4.68 7.1 2.1% 
159Tb 1.09 1.08 2.0 1.1% 0.65 0.65 7.0 0.8% 
161Dy 6.56 6.42 1.4 2.1% 3.52 3.55 6.1 0.7% 
165Ho 1.33 1.31 2.8 1.4% 0.68 0.68 5.5 0.5% 
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167Er 3.73 3.67 2.2 1.6% 1.83 1.83 4.6 0.4% 
169Tm 0.53 0.53 2.3 0.0% 0.26 0.26 4.9 0.0% 
173Yb 3.44 3.39 1.4 1.5% 1.68 1.65 4.2 1.7% 
175Lu 0.51 0.50 2.1 0.2% 0.25 0.25 4.4 1.5% 
178Hf 5.05 4.97 2.8 1.6% 5.34 5.14 4.9 4.0% 
181Ta 0.79 0.79 3.4 0.4% 0.85 0.87 3.6 1.9% 
182W 0.51 0.47 8.2 10.3% 0.48 0.55 10.1 13.9% 
205Tl 0.29 0.27 4.8 7.0% 0.29 0.28 3.7 4.7% 
208Pb 11.93 10.59 15.0 12.6% 14.24 13.14 9.1 8.3% 
209Bi 0.06 0.05 20.7 24.2% 0.05 0.05 24.0 7.6% 
232Th 6.06 5.83 3.6 3.9% 6.12 6.17 8.9 0.8% 
235U 1.56 1.68 5.1 7.2% 1.50 1.89 39.8 20.4% 
 
Table S4.1.6. Sr, Nd, Pb and Hf isotopes for USGS standard AGV-2 
  87Sr/86Sr (n=2) 2 SD 143Nd/144Nd (n=2) 2 SD 
AGV-2  0.703978 0.000015 0.512737 0.000007 
Ref. AGV-2 0.703992 0.000033 0.512786 0.000014 
  
206Pb/204Pb 
(n=4) 2 SD 207Pb/204Pb (n=4) 2 SD 
AGV-2  18.8707 0.0034 15.6191 0.0021 
Ref. AGV-2 18.8700 0.0050 15.616 0.0050 
  
208Pb/204Pb 
(n=4) 2 SD 176Hf/177Hf (n=2) 2 SD 
AGV-2  38.5450 0.0052 0.282980 0.00001 





Supplementary material 4.2 
Petrographic features of all type volcanic units
 
Figure S4.2.1 Petrographic features of Type A volcanics. Mineral abbreviations: Pl: plagioclase, Ol-





Figure S4.2.2 Petrographic features of Type B volcanics (representative thin sections). Mineral 
abbreviations: Pl: plagioclase, Ol-olivine, Cpx-clinopyroxene, Opx-orthopyroxene, Hb- amphibole, 




Figure S4.2.3 Petrographic features of Type C volcanics (representative thin sections). Mineral 
abbreviations: Pl: plagioclase, Ol-olivine, Cpx-clinopyroxene, Opx-orthopyroxene, Hb- amphibole, 




Figure S4.2.4 Petrographic features of Type D volcanics (representative thin sections). Mineral 
abbreviations: Pl: plagioclase, Ol-olivine, Cpx-clinopyroxene, Opx-orthopyroxene, Hb- amphibole, 
Bi-biotite, Qrz-quartz, Ox-Fe-Ti oxides. 
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5. Time-scale of magma assembly for the oldest magmas 
of the Milos volcanic field (Greece). 
Xiaolong Zhou, Klaudia Kuiper, Jan Wijbrans, and Pieter Vroon 
 
Abstract: Two rhyodacitic samples (pyroclastic breccia and crypto-dome) and one basaltic-
andesitic dyke samples of Period I (3.3-2.13 Ma) of the Milos volcanic field were studied to 
determine the P-T conditions and the time-scales between the last major disruption of the 
magmatic system before intrusion or eruption. The opx-cpx rims record temperatures in the 
range of 860-920 °C in the rhyodacitic samples and between 950 and 1000 °C for the basaltic-
andesite. The opx-cpx rims of all three samples record pressures of approximately 4 kbar, 
consistent with an upper crustal reservoir at approximately 15 km. The higher temperature 
(900-1000 °C) and pressure (6-8 kbar) recorded by the cores of the cpx and opx phenocrysts 
suggest crystallization in the Moho region (6-8 kbar, 23-30 km).  
The time-scales inferred from diffusion profiles of cpx and opx crystals suggest that the 
rhyodacitic magmas (pyroclastic breccia and crypto-dome sample) were brought to the surface 
within 10-1000 years after mixing with more mafic melts. The basaltic-andesite dyke recorded 
significantly shorter time-scales before intrusion in the shallow crust of 0.1-100 years, 
indicating very rapid transport to the surface. 
5.1 Introduction 
 In the past 30 years models have been developed suggesting that felsic magmas are 
generated in crystal mush regions (e.g., Bacon and Druitt, 1988; Bachmann and Bergantz et 
al., 2004; Cashman et al., 2017). These crystal mush regions provide a long-lived source for 
felsic melts because the crystals are interlocking, preventing rapid heat loss by convection. 
To obtain a significant amount of felsic melt in an upper crustal reservoir requires creation of 
felsic melts in a crystal mush, extraction of the melt from the crystal mush and accumulation 
of the melt in a magma chamber. If the accumulation rate is low, plutons will form, whereas 
high accumulation rates will lead to magma chambers (Annen, 2009). Magmas chambers 
form on geologically short time-scales of 10-1000 years (e.g., Druitt et al., 2012; Allan et al., 
2013, 2017; Cooper et al., 2017). Many felsic lavas and pyroclastic units display abundant 
evidence that mixing of mafic magma and felsic melt before the eruption often occurrs (e.g., 
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Sparks et al., 1977). As result of recharging by mafic magma disequilibrium textures are 
observed in phenocrysts. 
 
Figure 5.1 (A) Map of the South Aegean Volcanic Arc (SAVA) with the active volcanic fields indicated 
by red triangles: Crommyonia and Milos Volcanic Fields (VF) in the western SAVA, Santorini VF in 
the centre and Kos-Nisyros VF in the eastern SAVA. The black arrow represents the GPS-determined 
plate velocity from Doglioni et al. (2002); (B) Three Period I (Zhou et al., 2021) deposits indicated in 
black (basaltic-andesitic), dark grey (dacitic) and light grey (rhyolitic) in south-western Milos with ages 
from Fytikas et al. (1986), Stewart and McPhie (2006) and Zhou et al. (2021); (C) Simplified geological 
cross-section of the pumice-cone/cryprto-dome facies of Period I along AA' indicated in B is based on 
Stewart and McPhie (2006) and our fieldwork observations (Supplementary material 5.2). 
However, many questions remain unanswered regarding the formation of large 
amounts of felsic melt, for example, how long before the eruption does the mixing of felsic 
and mafic melts take place and how is the magma chamber formation rate related to the mafic 
magma flux (see Chapter 3). The Milos volcanic field (MVF) provides an excellent natural 
laboratory to study the time-scales of magma chamber formation. First, MVF lavas and 
pyroclastic products are characterized by ample evidence for mixing of mafic and felsic melts 
(see Chapter 4). Second, the MVF is characterized by three periods with different volcanic 
output rates (Qe) (Zhou et al., 2021; Chapter 2). 
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In this chapter we will study if Period I magmas with different chemical compositions 
are derived or stored at different depths, and if the phenocrysts have different residence times 
in the magma. With this reconnaissance study we would like to establish: 
(1) At what depth the magma reservoir was recharged by the magma from deep, and at 
what temperatures the magmas were stored in the crust. 
(2) The time-scales between the last major disruption of the magmatic system before 
eruption, for example time-scales of magma mixing with more mafic melt (“recharge”) 
or changes in the physical parameters, such as (water)pressure, temperature or oxygen 
fugacity (ƒO2). 
(3) If the phenocrysts in rhyodacitic samples display longer residence times before eruption 
(and hence time for assimilation) than the phenocrysts of the basaltic andesite dyke. 
5.1.1 Overview of magmatic conditions in the South Aegean Volcanic Arc 
Several studies (e.g., Bachmann et al., 2012; Soens, 2015; Flaherty et al., 2018; Popa 
et al., 2020) estimated the magmatic temperatures in the western, central and eastern parts of 
the SAVA. In the western part of SAVA, Soens (2015) inferred that the rhyodacites (2.3-.2.7 
Ma) from the eastern part of Crommyonia formed through partial melting of a H2O saturated 
granitoid source rock at crustal depths of ~25 km (6-8 kbar, amphibolite-granulite facies) at a 
temperature of 800-900 °C or higher. In addition, Popa et al. (2020) suggest that the Methana 
volcanic field had an upper-crustal dacitic-rhyodacitic magma reservoir (~2 kbar and a deeper 
more mafic reservoir at ~4-5 kbar (16-20 km) over the past 1 Myr. The most mafic magmas 
(~55 wt.% SiO2) have temperatures of ~1000 °C and >3 wt.% H2O and inject into the upper-
crustal reservoir with a temperature of ~810-890 °C. This results in a hybrid magma with a 
temperature of ~900-950 °C and 3-4 wt.% H2O. A more differentiated recharge magma (~62 
wt.% SiO2) was also recognized at Methana that contains ~4 wt.% H2O and has a temperature 
of ~ 900 °C. 
In the central part of SAVA, Flaherty et al. (2018) suggested that the rhyodacitic 
melts of the Late Bronze Age eruption of Santorini were extracted mostly from a 900-950 °C 
dioritic/gabbroic region of the subcaldera pluton at a 8-12 km depth (2-3 kbar). These 
rhyodacitic melts contain a relatively high H2O content (~6 wt.%). In the eastern part of 
SAVA, Bachmann et al. (2012) estimated that the temperature, pressure and H2O content of 
the rhyodacitic magmas of Nisyros range from >800-850 °C, ~2-2.5 kbar (8-10 km) and 4.5-
5.0 wt.% H2O. However, for the MVF in the central western part of the SAVA, the 
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temperatures and pressures of different magma batches are less well constrained due to the 
limited amount of available mineralogical data.  
  Recent studies of the MVF mainly focused on the volcanic and hydrothermal 
processes, which occur in the shallow part of the crust. (e.g., Stewart et al., 2006; Francalanci 
et al., 2007; Papavassiliou et al., 2017). There is, however, a lack of information on the 
thermal and pressure conditions where magmas were crystallizing and stored in the MVF. 
Fytikas et al. (1986) provided 6 compositional analysis of clinopyroxene (En41.7, Fs15.1, 
Wo43.2), orthopyroxene (En65.7, Fs31.6, Wo2.7) and plagioclase (Or1. 0, Ab21.4, An77.6) for the old 
volcanic units (~4.0-2.6 Ma) from the south-western part of Milos. Francalanci et al. (2007) 
provided more Mg# (Mg/(Mg+Fe) atom *100%) data of clinopyroxene (62-85) and 
orthopyroxene (57-68), and on the anorthite percentage of plagioclase (An%=25-94) for the 
MVF. However, these measurements are only from volcanic units of Kimolos and Polyegos 
islands that mainly erupted from 2.3-3.5 Ma. More mineralogical analyses are required for a 
more in-depth understanding of the deep magmatic system underneath the MVF. 
5.2 METHODS 
Approximately 2 kg of fresh juvenile pumice clasts or non-vesicular material, derived 
from (pillow-) lava and dykes of Period I (Zhou et al., 2021), is crushed with a steel jaw crusher 
and sieved to obtain different grain fractions. Clinopyroxene (cpx), orthopyroxene (opx) and 
plagioclase are extracted from three different size fractions of 200-300, 300-400 and 400-500 
μm. The mineral grains are inspected with a binocular microscope and selected grains are 
mounted in epoxy resin and polished. The zoning of the minerals is studied by back-scattered 
electron (BSE) images using a JEOL JXA-8530F Hyperprobe Field Emission Electron probe 
microanalyzer at Utrecht University. BSE scans with a 1280 × 960 resolution are made for a 
total of 37 opx, 40 cpx and 31 plagioclase grains. Only minerals with their long (c) axes parallel 
to the surface of the epoxy mount were analysed. The compositions of the core, intermediate 
and rim zones of the selected minerals are analysed with the same JEOL JXA-8530F 
Hyperprobe Field Emission Electron probe microanalyzer. For the spot analysis a 15 kV 
accelerating voltage, 20 nA beam current and 1 μm beam size for the pyroxenes, and 10 μm 
for the plagioclase is used. The rim's outer limit is considered the edge of the crystal in contact 
with groundmass or glass. The intermediate zone is the zone between core and rim zones. See 
details of sample preparation and analysis in supplementary material 5.1 
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The cpx-opx geothermometer and geobarometer of Putirka (2008) are used to estimate 
the temperature and pressure of the magma in the crustal magma reservoirs of the MVF. The 
estimated temperature is consistent with the estimate from the plagioclase geothermometer of 
Druitt et al. (2012) (See Supplementary material 5.2). The cpx-opx geobarometer of Putirka 
(2008) is used toThe residence time of crystals in a magma reservoir can be derived from 
modelling the chemical or isotopic gradients in crystals. In this study we use the Mg-Fe 
compositional profiles across the core, intermediate and rim zones of cpx and opx. The time-
scale based on diffusion modelling does not give the age of the crystal, but the elapsed time 
since the zoning developed in the mineral, for example by a change in the magma composition 
by the intrusion of a more mafic melt. One-dimensional diffusion modelling can yield an 
overestimation of the true diffusion time-scale by a minimum of 30% (e.g., Shea et al., 2015). 
To minimize this overestimation, we performed the diffusion modelling on the short profile 
perpendicular to the long (c) axis (along a-b axis) of the pyroxene crystals, which makes the 
initial step function assumption more valid and practical compared to the profile parallel to c-
axis (e.g., Krimer and Costa, 2017; Flaherty et al., 2018). The assumption of an initial step 
function in Mg number (Mg# = 100 × Mg/[Mg + FeTotal] atom) eliminates any growth zone 
influence. The uncertainties (30-60% for opx and 20-90% for cpx) of the diffusion time-scales 
are calculated by standard error propagation (see supplementary material 5.1).  
5.3 RESULTS 
5.3.1 Petrography and composition of the phenocrysts. 
Sample G15M0017 (~3.08 Ma), a dacitic pumice clast from Period I (Zhou et al., 2021), 
has a hypohyaline texture, whereas samples G15M0015 (3.06 Ma, a dacitic rock from a crypto-
dome) and G15M0016 (2.66 Ma, a basaltic-andesitc dyke) show a hypocrystalline texture. 
Olivine phenocrysts are rare, whereas the cpx and opx phenocrysts (200-500 µm) are present 
as diopside (70-90 vol.%) and enstatite (60-80 vol.%), respectively. The proportion of 
plagioclase (>20 vol.%) in the crypto-dome and dyke units is much higher than that of the 
pyroclastic breccia unit (~10 vol.%). Most cpx, opx and plagioclase phenocrysts of Period I 
volcanic units show zoning texture (supplementary material 5.3). Vesicles are found in the 




Figure 5.2 Compositional variations of different zones (rim, core and the zone between core and rim) of plagioclase, clinopyroxene and 
orthopyroxene crystals of 3 samples from Period I of the Milos volcanic field. Sample G15M0017 (A), G15M0015 (B) and G15M0016 (C) are a 
rhyodacitic pyroclastic breccia, crypto-dome and a basaltic-andesitic dyke, respectively.  
Abbreviations: Mg# =Magnesium number (Mg/(Mg+Fe) atom*100%); Anorthite (mole%)= anorthite percentage of plagioclase in mole. 
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Table 5.1. P-T ranges and residence time-scales of crystal growth of 3 samples of Period 
I of the Milos volcanic field. 


















G15M0017 ~3.08 Pyroclastic  breccia 
Opx 
Rim 856-916°C 3.2-6.2 158-287 
Intermediate 868-928°C 2.8-6.0 13-459 
Cpx 
Rim 856-916°C 3.2-6.2 84-660 
Intermediate 868-928°C 2.8-6.0 36-397 
G15M0015 3.06 Crypto dome 
Opx 
Rim 872-932°C 3.0-6.8 36-246 
Intermediate 903-963°C 5.0-13.4 24-65 
Cpx 
Rim 872-932°C 3.0-6.8 150-5417 
Intermediate 903-963°C 5.0-13.4 1-2268 
G15M0016 2.66 Dyke 
Opx 
Rim 939-999°C 2.8-5.0 1-21 
Intermediate 967-1027°C 5.0-9.4 0.1-0.3 
Cpx 
Rim 939-999°C 2.8-5.0 - 
Intermediate 967-1027°C 5.0-9.4 1-73 
Note: The eruption age of the sample G15M0017 is from Fytikas et al. (1986) and the two other 
ages are from Zhou et al. (2021). 
Equilibrium temperatures and pressures are not found between the cores of cpx-opx pairs based 
on the equations 36, 37 and 39 of Putirka (2008) implying that the cpx and opx cores of these three 
samples did not form under the same P-T conditions. 
Abbreviations: Cpx =clinopyroxene; Opx=orthopyroxene. 
Figure 5.2 shows that the anorthite percentages (An%) of the plagioclase 
phenocrysts (200-1000 µm) collected from the pyroclastic breccia unit (G15M0017) are 
similar in the core, rim, and intermediate zones, but many plagioclase crystals have reverse 
zoning between core and intermediate zones. ~16% of plagioclase cores of sample 
GM15M0017 only show a high An% of 80-90, and all the core, rim, and intermediate 
zones of the plagioclases mainly vary within relatively low An% (35-55), compared to 
other samples, G15M0015 and 16. In the crypto-dome (G15M0015) and dyke 
(G15M0016) samples, normal zoning is the dominant pattern for the plagioclase 
phenocrysts with decreasing An% (85-40) from core to rim. The crypto-dome sample 
plagioclase crystals have a distinct difference in An% between the rim (40-55) and core 
(70-85 for most) zones, and the An% (65-75 for most) of the intermediate varies between 
these two zones.  
The Mg# of the cpx collected from the pyroclastic breccia and crypto-dome 
samples varies from 65 to 90, which is higher than the cpx from the dyke sample (Mg#: 
60-75, Figure. 5.2). In contrast to cpx, opx of the dyke has the highest Mg# (~70) and is 
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characterized by limited variation (68-72). The Mg# of the opx from the pyroclastic 
breccia unit is relatively low (Mg#=~65) andvaries within a narrow range (63-67). The 
opx of the crypto-dome unit has a larger spread of Mg#, mainly ranging from 60 to 70.  
  
Figure 5.3 Mg-Fe diffusion time-scale spectra for opx and cpx based on the crystal edge (rim) 
and intermediate boundaries of (A) Pyroclastic breccia, (B) Crypto-dome and (C) Dyke of 
Period I of the MVF. Distance from the crystal edge to the intermediate boundary, or centre 
crystal in crystals lacking cores, is normalized to one. The residence time-scale is the time-scale 
of crystal growth triggered by a replenishment event in a magma reservoir (e.g., Morgan et al., 
2004). The Mg diffusion coefficients for opx and cpx used in the calculations are from Dohmen 
et al. (2016) and Müller et al. (2013), respectively. Diffusive time-scale calculation details are 
given in supplementary material 5.1. Abbreviations: opx=orthopyroxene; cpx=clinopyroxene. 
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5.3.2 Estimates of pressure-temperature (P-T) and diffusive time-scales 
Since none of the equilibrium temperatures and pressures are determined between 
core zones of cpx and opx pairs, the P-T estimates (eqs. 36, 37 and 39 in Putirka, 2008) 
and crystal residence time-scales can only be determined for the rim and intermediate 
zones and not for core zones. The uncerinties of the time-scales estimated by cpx is 
approximately 10 times larger than those by opx due to the large uncertainties of the diffusion 
length calculated from cpx (Figure 5.3). 
For sample G15M0017, the intermediate and rim zones of cpx-opx pair gave 
similar estimates for P (2.8-6.2 kbar), T (856-928°C), and diffusion time-scales (50-660 
years; Table 5.1). In contrast, for the crypto-dome (sample G15M0015, 3.06 Ma) and dyke 
(sample G15M0016, 2.66 Ma) samples show distinct P-T conditions for the intermediate 
(P=5.0-9.4 kbar; T=967-1027°C) and rim (P=2.8-5.0 kbar; T=939-999°C) based on cpx-
opx pairs. In addition, the diffusive time-scales estimated from the cpx are 5-100 times 
longer than those from the opx (Table 5.1 and Figure 5.3). The estimated P-T from the 
pyroxene rim zones are 872-932 °C and 3.0-6.8 kbar for the crypto-dome, and 939-999 
°C and 2.8-5.0 kbar for the dyke. Based on the equations 36, 37 and 39 of Putirka (2008), 
the P-T estimates from the pyroxenes' intermediate zone are much higher, 903-963 °C, 
5.0-13.4 kbar for the crypto-dome sample and 967-1027 °C, 5.0-9.4 kbar for the dyke 
sample. The calculated temperatures (850-1000 °C) and pressures (3-7 kbar) are 
comparable to those of the other volcanic fields of the SAVA, Methana, Santorini and 
Nisyros-Kos (e.g., Bachmann et al., 2012; Soens, 2015; Flaherty et al., 2018; Popa et al., 
2020). See details in supplementary material 5.2. 
The diffusive time-scales calculated from the cpx of pyroclastic breccia unit and 
the crypto-dome vary substantially and range from 1 to 5417 years, whereas the time-
scales based on the opx are on average much shorter and with less scatter (24-246 years). 
The diffusive time-scales of the opx (0.1-21 years) and cpx (1-73 years) of the basaltic-
andesitic dyke sample are significantly shorter (10-100 times) than those from the other 
two felsic volcanic rocks. 
5.4 DISCUSSION 
As described in section 5.3.1, there are distinct mineral compositional differences 
between plagioclase, cpx and opx phenocrysts of the eruptive (pyroclastic breccia) and 
intrusive (crypto-dome and dyke) samples. These differences are the result of variations 
in the environmental conditions (e.g., temperature, pressure and composition) and could 
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record time-scales of replenishment events (e.g., recharging magma injected into magma 
reservoir).  
5.4.1 Crystallization or magma mixing during Period I of Milos volcanic 
field 
5.4.1.1 Possible origins of the plagioclase, cpx and opx cores 
In the eruptive unit (pyroclastic breccia) the P-T estimates based on the 
intermediate and rim zones of cpx-opx pairs of Putirka (2008) give similar results of 
850-930 °C and 2.8-6.2 kbar (Figure 5.2). This pressure range corresponds to a depth of 
approximately 10-20 km, which overlaps with the boundary between the lower and 
upper crust, or Conrad discontinuity (e.g., Konstantinou, 2010). 
 
Figure 5.4 Temperature and pressure estimates based on clinopyroxene-orthopyroxene pairs for 
samples G15M0017 (pyroclastic breccia, dark and light blue solid circles), G15M0015 (crypto 
dome, dark and light green solid circles) and G15M0016 (dyke, red and pink solid circles). 
Intermediate zones of pyroxenes crystallized around the Moho and the rim zones of pyroxenes 
formed around the boundary between the lower and upper crust. The Moho underneath the Milos 
is between ~25-30 km based on the seismic, electrical and gravity studies (e.g., Konstantinou, 
2010 and reference therein). Earthquake-based rheological modelling (Christensen & Mooney, 
1995) and petrological experiments (Konstantinou, 2010) suggests that the boundary between 
the lower and upper crust (Conrad discontinuity) is at ~15 km. 
The intrusive units (crypto-dome and dyke) record distinct P-T estimates between 
the intermediate and rim zones. The rims of cpx-opx crystals from the crypto-dome sample 
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have similar temperature estimates compared to those of the pyroclastic breccia sample, 
but the intermediate zones of the cpx-opx pairs of the crypto-dome unit yield slightly 
higher temperatures (900-950 °C). The dyke sample gives significantly higher 
temperature estimates both on the intermediate (980-1030 °C) and rim (950-1000 °C), 
compared to the other two samples. Based on the rims of cpx-opx pairs, these three 
samples have similar pressure estimates. However, the pressure (6-13 kbar) calculated 
from the intermediate zones are significantly higher, corresponding to a depth of 
approximately 25-50 km, e.g., upper mantle to the depth of the Moho (e.g., Tirel et 
al.,2004). Figure 5.4 shows that this pressure estimate has a large uncertainty of 
approximately 25 km, suggesting that all these pressure estimates could be close to the 
Moho. Annen et al. (2006) considered the Conrad discontinuity and the Moho as the upper 
and lower boundary for the Deep Crustal Hot Zone (DCHZ), respectively. The DCHZ is 
an area in the lower crust that produces H2O-rich felsic melts that rise to shallower levels 
in the crust to recharge shallower reservoirs (Annen et al., 2006). From these reservoirs, 
magmas can rise further to the surface and form lava or pyroclastic rocks. The high 
temperature recorded in the cpx cores of the dyke sample could represent the temperature 
at which H2O-rich mafic melt (recharging magma) segregates from the DCHZ (Annen et 
al., 2006). Therefore, possible sources for the cores include (1) in-situ crystals formed 
near the Conrad discontinuity, (2) antecrysts derived from the Moho region or the mantle 
region below the Moho that produces recharging magma (e.g.,, Annen et al., 2006), or (3) 
antecrysts derived from mixing of magma formed near the Conrad discontinuity and a 
melt derived from the Moho or mantle region.  
Most of the P-T estimates of the intermediate zones of pyroxenes of the 
pyroclastic breccia sample suggest that these crystals formed near the Conrad 
discontinuity. In contrast, the plagioclase cores have a relatively low An% (40-50), 
corresponding to a temperature of 850-950 °C, a similar temperature range as recorded 
by the pyroxene intermediatee zones. Therefore, we conclude that the cores of opx, cpx 
and plagioclase of the pyroclastic breccia unit are most likely formed near the Conrad 
discontinuity. The P-T estimates of the intermediate zones for the opx-cpx crystals of the 
dyke sample indicate that these are predominantly derived from the Moho region with 
plagioclase cores with high An% (most >70, Figure 5.2 and 5.4). Therefore, the opx, cpx 
and plagioclase cores of the dyke sample are most likely antecrysts derived from the 
Moho region or the mantle region below the Moho. For the crypto-dome sample, the 
pyroxene intermediate zones could have crystallized over a large depth interval, 
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including the Moho and part of the upper mantle (Figure 5.4). Furthermore, the 
complexity of the petrological textures (e.g., sieve and multiple plagioclase growth 
zones; Supplementary material 5.2) and the compositional bimodal-distribution of the 
plagioclase cores suggests that plagioclases crystallized at different depths, or were 
derived from different magma batches. We therefore cannot make a clear distinction 
among the three options for the most likely crystallization region of the plagioclase and 
opx-cpx phenocryst cores of the crypto-dome sample.  
5.4.1.2 Crystallization or magma mixing in a Deep Crustal Hot Zone 
The temperature and H2O content of a melt both play important roles in 
determining the plagioclase-melt and clinopyroxene-orthopyroxene equilibria in a magma 
reservoir (e.g., Housh and Luhr, 1991). A higher H2O content can notably increase the 
An% of plagioclase and shift the Mg# of pyroxenes to a higher value under the same P-T 
conditions (e.g., Panjasawatwong and Danyushevsky, 1995, Feig et al., 2006, Putirka, 
2008). In general in magmatic systems, the temperature correlates positively with the An% 
of plagioclase and the Mg# of pyroxenes. The coexistence of cpx and opx in a melt can 
influence the variation of Mg# for each pyroxene (e.g., Housh and Luhr, 1991, Feig et al., 
2006). Pressure has a different effect on the An% of plagioclase and the Mg# of pyroxenes. 
At a given temperature with decreasing pressure, the An% of plagioclase will increase as 
the Na2O increasingly partitions into the melt compared to CaO (e.g., Ustunisik et al., 
2014). The increasing pressure will decrease the Mg# of cpx. At high pressure (~5 kbar) 
and relatively low temperature (900-1000 °C), the Mg# of opx tends to increase under 
water-saturated conditions (e.g., Feig et al., 2006).  
The common reverse zoning of the plagioclase of the pyroclastic breccia suggests 
that more mafic magmas from deeper levels (e.g., the Moho region) probably entered a 
magma reservoir near the Conrad discontinuity. This resulted in the An rich outer zones 
growing around the plagioclase cores which formed in-situ near the Conrad disconformity. 
The presence of vesicles in all samples indicates that these magmas contained significant 
amounts of water and had a high oxygen fugacity (ƒO2) (Figure 5.2, supplement material 
5.3). This is consistent with the observations of the high H2O content (4-6 wt.%) and ƒO2 
value (NNO to NNO +1.7) in the magma reservoirs of the other volcanic fields along 
SAVA (e.g., Francalanci et al., 2007; Bachmann et al., 2012; Soens et al., 2016; Flaherty 
et al., 2018). Plagioclase phenocrysts of the dyke unit have normal zoning patterns with 
significantly higher An content in the core than the rim and intermediate zones. These 
suggest that the plagioclase cores of the dyke sample crystallized around the Moho region 
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under water-rich conditions because a high H2O content can significantly increase the An% 
of plagioclase (e.g., Panjasawatwong and Danyushevsky, 1995). The relativdly low Mg# 
(70-75) of the cores of the clinopyroxenes and the high Mg# (68-72) of the orthopyroxenes 
cores indicate a water-saturated conditions under high pressure (e.g., Feig et al., 2006), 
also corresponding to the Moho region. As melt segregated from the Moho region, the 
melt ascended into the magma reservoir near the Conard discontinuity. During the ascend 
the crystal rims of plagioclase, cpx and opx continued to grow but the P decrase causes 
only minor influence on the composition of these minerlas. The dyke and pyroclastic 
breccia samples have relatively homogeneous compositions in the core and rim zones of 
the plagioclase, cpx and opx. In contrast, the crypto-dome's plagioclase phenocrysts 
display two compositional ranges (40-55 of An% for rim zone; 70-85 of An% for most of 
intermediate and core zones). These compositions are similar to the low An% values (35-
55) of the pyroclastic breccia plagioclase and the high An% values (60-85) of the dyke 
sample, respectively. The clinopyroxenes cores of the crypto-dome sample contain low 
Mg# (80-87), relative to those of the pyroclastic breccia and dyke samples (Mg#=85-92). 
The intermediate and rim zones of the crypto-dome cpx have a wide range in Mg# (65-
85), partly overlapping with those of the dyke sample (Mg#=60-75) but slightly lower 
than that of the pyroclastic breccia (Mg#=70-90, Figure. 5.2). The orthopyroxene cores of 
the crypto-dome sample have similar Mg# to the dyke sample and the Mg# of the 
intermediate and rim zones overlaps with those of the other two samples. Given the the 
pyroclastic breccia (~3.08 ± 0.08 Ma) and crypto-dome (3.06 ± 0.02 Ma) samples have 
irresolable ages, it is conceivable that the crypto-dome magma contains mineral cores 
from both in-situ crystals formed near the Conrad discontinuity and antecrysts derived 
from the Moho region. The intermediate Mg# of the clinopyroxene cores could indicate 
that antecrysts in the crypto-dome unit are derived from the mixing of magma formed near 
the Conrad discontinuity and the melt from the Moho or mantle region. The crypto-dome 
magma is thus interpreted as a mixture of magmas derived from deep (Moho region) and 
shallow (Conrad region) and caused the wide range of pressure and temperature estimates 
obtained from cpx-opx pairs.  
5.4.2 Time-scales of different replenishment events 
The time-scales over which silicic magma is reactivated, transported and stored 
can be studied by direct age dating and by modelling diffusion profiles of single crystals. 
The in situ age data in magmatic system (e.g., in situ dating of zircon and allanite) vary 
between 1000 to 100000 years, whereas the diffusion modelling time-scales are much 
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shorter (10-1000 years) (e.g., Turner and Costa, 2007 and reference therein). In some cases, 
the diffusion time-scales estimated from crystal rims only records the time since the last 
major change in magma composition, a replenishment event that occurred before the 
eruption. This replenishment time-scale is is on the order of months to ~100 years (e.g., 
Morgan et al., 2004; Turner and Costa, 2007; Cashman et al., 2017). These studies report 
complexly zoned crystals that are made of old cores and much younger rims. The old cores 
might be derived from disaggregated cumulate blocks which were picked up by the last 
batch of magma that triggered an eruption or formed a pluton. In this case the younger 
rims could record the time elapsed since the last batch of magma (recharge magma) that 
arrived in the shallow magma reservoir, just before the eruption (e.g., Turner and Costa, 
2007; Cashman et al., 2017). 
 
Figure 5.5 Schematic cross-section illustrating the different time-scales of replenishment events 
recorded in the cpx-opx paris of the pyroclastic breccia, crypto-dome and dyke samples. 
Diagram based on the Deep Crustal Hot Zone (DCHZ) model of Annen et al. (2006). See text 
for discussion. 
Figure 5.5 shows a schematic cross-section for the MVF. The time-scales recorded 
by the rims of opx-cpx crystals in the cryptodome and pyroclastic breccia samples are on 
the order of 10-1000 years. This suggests that the last time mafic magma from deeper of 
the DCHZ arrived in the shallow reservoir at the Conrad discontinuity before the 
eruption/intrusion of these units was <1000 years. The rims of opx-cpx phenocrysts from 
the basaltic andesitic dyke sample records shorter residence time-scales of 0.1-100 years 
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than those recorded in the pyroclastic breccia and crypto-dome samples. The pyroclastic 
breccia sample has similar diffusion time-scales (10-1000 years) based on the rim and 
intermediate zones of the cpx-opx pairs. In combination with the magma recharging 
events which are recorded in the reverse zoning of the plagioclase (section 4.1.2), the 
magma producing the pyroclastic breccia sample probably experienced at least two 
replenishment events in the reservoir near the Conrad discontinuity before eruption. The 
time-scale of each replenishment event is estimated between 10-1000 years. The cpx 
recorded a much longer time-scale of 100-10.000 years or a lower replenishment rate of 
0.02-0.0002/year for the crypto-dome magma than that recorded in the opx (Figure 5.3). 
The experiments of Feig et al. (2006) show that under dry or water-saturated conditions 
the opx always crystallizes after the cpx at pressures of 1-5 kbar and temperatures of 
<1260 °C . Therefore, the cpx of the crypto-dome unit could be derived from a pre-existing 
cumulate (=mush) in the magma reservoir near the Conrad discontinuity. The time-scale 
recorded by these cpx phenocrysts of 100-10000 years is consistent with the modelled 
time-scale for storage of melts in the DCHZ (Annen et al., 2006). However, the much 
shorter time-scales (10-100 years) recorded in the opx of crypto-dome sample probably 
indicates the last mafic magma batch entered the magma reservoir near the Conrad 
discontinuity. The rims of opx of the dyke sample records a very short residence time-
scale (0.1-10 years) indicating short term storage in a reservoir at the Conrad discontinuity. 
This is consistent with the decadal to monthly time-scale of magma assembly in the 
magma reservoir before an eruption that were reported for Mount St. Helens (Saunders et 
al., 2012) and Santorini (Druitt et al., 2012). 
5.5 CONCLUSION  
This chapter reports P-T estimates and mineral diffusion profiles from 3 samples 
of Period I (3.3 - 2.13 Ma) from the Milos volcanic field. Two samples have a felsic 
composition (pyroclastic breccia and crypto-dome), and one is basaltic andesitic (dyke).  
(1) The intermediate zones of opx-cpx pairs suggest that the magmas of both the 
basaltic andesitic dyke and the felsic pumice breccia and crypto-dome samples 
were derived from the Moho (25 km) at temperatures of ~900 °C for the felsic and 
~1000 °C for the basaltic-andesite magmas. 
(2) The rims of the cpx and opx record storage of the magmas at the Conrad 
discontinuity (ca 15 km). Temperatures in this shallow reservoir range between 
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860-920 °C for the rhyodacitc magmas (pyroclastic breccia and crypto-dome 
sample) and 950-1000 °C for the basaltic-andesitic magma (dyke sample). 
(3) The time-scales obtained by diffusion modelling suggest relatively long storage 
time-scales for the rhyodacitic pyroclastic and crypto-dome magmas of 10-1000 
years, whereas the magma of the basaltic andesitic dyke sample record much 
shorter time-scales of 0.1-100 years. 
(4) P-T estimates and diffusion modelling are consistent with a Deep Crustal Hot Zone 
between the Moho and Conrad discontinuity where felsic magmas are created. 
These magmas migrate to shallower levels in the crust (15 km) where they mix on 




Supplementary material 5.1 
Methods of pyroxene analysis and Mg-Fe diffusion modelling 
Sample preparation 
Phenocrysts were extracted from 3 samples of Period I volcanic units located in 
the south-western part of Milos. Each sample of approximately 2 kg was cut in ≈3*3cm 
cubes using a diamond saw to obtain the fresh interior part of the sample. These cubes 
were cleaned in an ultra-sonic bath for 0.5 hour in demi-water to remove dust and 
seawater deposits and dried in an oven overnight at 50 °C. Dry sample cubes were 
crushed in a steel jaw crusher, and this fraction was split into two portions of roughly 
equal size, one for mineral separation (see below), and the other for the geochemical 
methods. The latter was further reduced in grainsize in an agate shatter box and agate 
ball mill to a grainsize of less than 2 μm. The first fraction was sieved to obtain the grain 
sizes of 200-300, 300-400, 400-500 μm. The minerals clinopyroxene, orthopyroxene and 
plagioclase were extracted from the sink fraction from all 3 grainsize fractions, using a 
centrifuge heavy liquid (2.9	g/ml ≤ ρ for plagioclase and ρ ≥ 3.2 g/ml for pyroxenes 
separation technique (IJlst, 1973). A Frantz magnet separator was used to remove the 
magnetic minerals from non-magnetic minerals. Clear and fresh mineral grains without 
signs of alteration were collected by handpicking with the assistance of a binocular 
optical microscope. 
Only crystals judged by visual inspection and grain sizes sieved larger than 250 
µm were mounted and polished through their centers for further study.The selected 
grains (20-30 grains per grain size) were mounted in a 1-inch epoxy resin mount and 
polished to 1 µm finish. The top side of the epoxy mount was carbon coated before 
being scanned by back-scattered electron (BSE) imaging.  
Crystal scanning and analysis 
Zoning of the phenocrysts was studied by BSE imagery using a JEOL JXA-
8530F Hyperprobe Field Emission Electron probe microanalyser (EMP) at the Electron 
Microprobe Laboratory, that is part of the Dutch National Geological Facility 
(collaboration between Utrecht University, VU University Amsterdam, and Naturalis 
museum of natural history). The resolution used is 1 pixel per µm at 15 kV. A total of 
50-100 orthopyroxene, 50-80 clinopyroxene and 30-50 plagioclase phenocrysts were 
examined using the 1280×960 resolution BSE scans (which results in 38.4 seconds 
acquisition time). All the orthopyroxene, clinopyroxene and plagioclase crystals had 
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their long (c) axes parallel to the surface of the grain mount. The sections through c-a 
planes of orthopyroxene and plagioclase were recognized by the presence of {201} 
crystal terminations and {010} with oscillatory zoning, respectively. Orientation of the 
clinopyroxene crystals was determined with the SHAPE software (Dowty, 1987) by 
matching the interfacial angles, distinguished from BSE images, with those of the 
modelled clinopyroxene sections.  
Concentration profiles of the major elements perpendicular to the long (c) axes 
of the ortho- and clinopyroxene crystals were obtained by measuring a spot every 2-4 
µm. The total profile length varied from 15 to 45 µm (5-22 spots) in order to obtain a 
complete diffusion profile. Two to five compositional profiles were selected per crystal 
to calibrate the Ti, Mg, Fe, Mn, Si, Al, Ca, Na, K, Cr and Ni contents. Only the crystals 
with compositional differences between each profile <5% were selected for further 
interpretation. For the major element composition of plagioclase, we only measured 2-5 
spots on each rim, core and rim-core zone per crystal. All of the selected crystals were 
spot-analyzed with 15 kV accelerating voltage, 20 nA beam current and 1 µm beam size 
for the pyroxenes, and 10 µm for plagioclase. A counting time of 20s was used on peaks 
and 10s on low and high background. Two diopsides, one enstatite and one plagioclase 
standard were measured after every 20-30 measurements on 5-10 samples, and the 
compositional variation in all standards is smaller than 1% (Table S5.1.1). 
Modeling of Mg-Fe diffusion profiles in pyroxenes 
Diffusion time-scales of pyroxene phenocrysts were calculated with equation 1 
of the online resource 3 of Flaherty et al. (2018), derived from the equation 2.14 of 
Crank (1975) and Costa and Morgan (2011). This is a 1-D diffusion equation for Mg-Fe 
exchange across an individual zone boundary which is a semi-infinite couple with planar 
interface and has a zero-initial concentration on one side of the couple: 
 
.(0, 2) = .!µ 	+ 	"!µ#""µ$ 	 61 − er; <
%#%#
√'()=>                                 (1) 
where .!µ and .#µ are the starting concentrations on each side of the compositional 
profile, 0* is the location of the zone interface which is taken to be the position at (.!µ -
.#µ)/2. D is the diffusion coefficient assumed to be constant for the same sample, and t 
is the elapsed time combined with D as the known characteristic diffusion length, √4A2. 
The calculations were performed in Excel by the best fitting the starting concentrations 
on each side of the compositional profile of pyroxene. 
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sds1 53.5 0.2 0.0 23.6 17.3 3.4 0.1 0.1 0.0 0.2 2.3 0.0 100.8 
sds2 55.4 0.2 0.0 23.3 17.3 3.4 0.1 0.1 0.0 0.3 2.4 0.0 102.6 
sds3 54.3 0.2 0.0 23.5 16.9 3.4 0.1 0.1 0.1 0.3 2.4 0.0 101.2 
sds4 54.4 0.2 0.0 23.5 17.3 3.4 0.1 0.1 0.0 0.3 2.4 0.0 101.6 
sds5 53.7 0.2 0.0 23.5 17.2 3.5 0.1 0.1 0.0 0.3 2.4 0.0 101.2 
sds6 54.1 0.2 0.0 23.5 17.2 3.4 0.1 0.1 0.0 0.3 2.4 0.0 101.3 
sds7 54.5 0.2 0.0 23.4 17.2 3.4 0.1 0.1 0.0 0.3 2.4 0.0 101.6 
sds8 54.3 0.2 0.0 23.3 17.3 3.4 0.1 0.1 0.0 0.3 2.4 0.0 101.5 
sds9 54.9 0.2 0.0 23.5 17.3 3.4 0.1 0.1 0.0 0.4 2.4 0.0 102.3 
Diopside 
2 
sds1 55.9 0.0 0.0 26.0 16.4 2.6 0.6 0.0 0.0 0.0 0.0 0.0 101.5 
sds2 55.8 0.0 0.0 25.5 16.6 2.6 0.6 0.0 0.0 0.0 0.0 0.0 101.2 
sds3 55.9 0.0 0.0 25.7 16.3 2.5 0.6 0.0 0.0 0.0 0.1 0.0 101.1 
sds4 55.5 0.0 0.0 25.8 16.5 2.6 0.6 0.0 0.0 0.0 0.0 0.0 101.1 
sds5 55.8 0.0 0.0 25.8 16.7 2.5 0.6 0.0 0.0 0.0 0.0 0.0 101.4 
sds6 56.0 0.0 0.0 25.7 16.5 2.5 0.6 0.0 0.0 0.0 0.0 0.0 101.4 
sds7 55.8 0.0 0.0 25.8 16.5 2.5 0.6 0.0 0.0 0.0 0.0 0.0 101.3 
sds8 55.8 0.0 0.0 25.9 16.5 2.5 0.6 0.0 0.0 0.0 0.0 0.0 101.3 
sds9 56.2 0.0 0.0 25.8 16.5 2.6 0.6 0.0 0.0 0.0 0.1 0.0 101.8 
Enstatite sds1 53.4 0.2 0.0 1.3 22.3 22.3 0.7 0.0 0.0 0.0 0.6 0.0 100.9 
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sds2 54.7 0.2 0.0 1.3 22.2 22.3 0.7 0.0 0.0 0.0 0.6 0.0 101.9 
sds3 53.3 0.2 0.0 1.3 21.9 22.6 0.6 0.0 0.0 0.0 0.8 0.0 100.9 
sds4 53.3 0.2 0.0 1.3 22.2 22.2 0.7 0.0 0.0 0.0 1.0 0.0 100.9 
sds5 53.9 0.2 0.0 1.3 22.4 22.5 0.6 0.0 0.0 0.0 0.8 0.0 101.8 
sds6 53.6 0.2 0.0 1.3 22.3 22.3 0.6 0.0 0.0 0.0 0.8 0.1 101.4 
sds7 54.5 0.2 0.0 1.3 22.4 22.4 0.7 0.0 0.0 0.0 0.6 0.0 102.1 
sds8 53.8 0.2 0.0 1.3 22.3 22.3 0.7 0.0 0.0 0.0 0.8 0.0 101.4 
sds9 54.4 0.2 0.0 1.3 22.4 22.4 0.6 0.0 0.0 0.0 0.7 0.0 102.2 
Anorthite 
sds1 46.2 0.0 0.0 17.7 0.0 0.6 0.0 1.5 0.0 0.0 34.1 0.0 100.3 
sds2 46.8 0.0 0.0 17.7 0.0 0.6 0.0 1.5 0.0 0.0 33.7 0.0 100.4 
sds3 46.9 0.0 0.0 17.7 0.0 0.6 0.0 1.6 0.0 0.0 33.1 0.0 100.0 
sds4 47.0 0.0 0.0 17.7 0.0 0.6 0.0 1.5 0.0 0.0 33.2 0.0 100.1 
sds5 46.7 0.0 0.0 17.6 0.0 0.6 0.0 1.5 0.0 0.0 33.4 0.0 100.1 
sds6 46.6 0.0 0.0 17.6 0.0 0.6 0.0 1.5 0.0 0.0 33.1 0.0 99.6 
sds7 47.3 0.0 0.0 17.7 0.0 0.6 0.0 1.5 0.0 0.0 33.1 0.0 100.2 
sds8 46.9 0.0 0.0 17.6 0.0 0.6 0.0 1.5 0.0 0.0 33.2 0.0 100.1 
sds9 47.4 0.0 0.0 17.8 0.0 0.6 0.0 1.5 0.0 0.0 33.2 0.0 100.5 
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The measured Mg# profile was then fitted with a least squares procedure similar 
to the one described by Flaherty et al. (2018), of which the quality was assessed with the 






                                    (2) 
 
where the "##.,*/01,2and "##345 are the measured and fitted values of Mg# (the 
atomic ratio of 100 x Mg/(Mg+Fe+2)), respectively, and n is the number of data points 
between the 5th and 95th percentiles of the fitted profile. The total Fe measured by the 
EMPA is recalculated as Fe2+. The average of the measured 
value%	'()("##.,*/01,2)	is calculated by '()("##.,*/01,2)=(∑ "##.,*/01,2)/.6	 . 
The best-fit of the	√412 curve would give the time-scale and the estimated maximum 
and minimum uncertainties. We modeled as many diffusion profiles as feasible. At least 
two profiles were measured on each side of the same boundary in the same crystal. The 
diffusion profiles with high quality (R2>95%) were used to model the time-scale. 
Diffusion profiles with a lower quality (93%<R2<95%) were only modeled for 
comparison and If R2 was <93% the diffusion profile was not considered. The results are 
given in Chapter 5. 
The diffusion profiles were measured perpendicular to crystal length (c axis) for 
both clinopyroxene and orthopyroxene. For the orthopyroxenes, the zoning parallel to 
the c axis was too large to creat a complete profile (>100 µm) which crosses the 
boundary between two zone zonings of orthopyroxene crystal, due to its high aspect 
ratio. Fast growing crystal planes parallel to the c axis would produce much longer time-
scales than those parallel to the a or b axis (Flaherty et al., 2018). At least two diffusion 
profiles across the boundaries between each of the zone zonings of the orthopyroxene 
crystals were taken. After the orientations of the clinopyroxene were established, at least 
two diffusion profiles were made on the boundaries between each of the zone zonings of 
the clinopyroxene. The time-scales modelling on both ortho- and clinopyroxene were 
carried out perpendicular to the c axis. 
Mg-Fe diffusion coefficient in orthopyroxene 
Ganguly and Tazzoli (1994) first determined theoretically the Mg-Fe diffusion 
coefficient 18,'$%
9:; . They calculated 18,'$%
9:;  at the iron-wüstite (IW) buffer which is 
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more reduced than most magmatic systems and proposed that 18,'$%
9:;  on orthopyroxene 
varies as ƒO2 changes. Although their results were subsequently confirmed by 
experiments (Schwandt, Cygan, & Westrich, 1998; Stimpfl, Ganguly, & Molin, 2005) 
and natural systems (Allan et al., 2013, Stimpfl et al., 2005, Ter Heege et al., 2006), 
there are still limitations on calculating 18,'$%
9:;  based on these studies.  
Ganguly and Tazzoli (1994) only provided the temperature and XFe (molar 
fraction of iron, 
8,
$%<8,
 ) which is used for calculating 18,'$%
9:; without oxygen fugacity 
(ƒO2). The valid temperature range in the function of Ganguly and Tazzoli (1994) is from 
500°C to 800 °C, which is much lower than that of magmas in Milos (840-1000 °C), 
based on the clinopyroxene-orthopyroxene thermometers of Putirka (2008). The 
crystallographic axes Ganguly and Tazzoli (1994) used for their model are the b-c plane. 
The diffusion profiles parallel to the a-axis in our orthopyroxene cannot be easily 
modeled. Schwandt et al. (1998) provided a function of 18,'$%
9:;  for all three 
crystallographic axes that agree with the value of Ganguly and Tazzoli (1994) but only 
for the Mg self-diffusion in orthopyroxene. Allan et al. (2013) added ƒO2 to their 
function of 18,'$%
9:;  calculation from Ganguly and Tazzoli (1994), where 18,'$%
9:;  was 
proportional to (ƒO2)1/6. This is consistent with the diffusion of Mg in olivine and 
clinopyroxene (Dohmen & Chakraborty, 2007; Klügel, 2001), but the corrected equation 
of Allan et al. (2013) was not verified for orthopyroxene in experiments. The estimated 
temperature (<840 °C) in the samples of Allan et al. (2013) is still lower than the 
temperature range of the magmas of Milos (840-1000 °C). In addition, the equation of 
Allan et al. (2013) is only applicable to the b-c plane of orthopyroxene, similar to 
Ganguly and Tazzoli (1994). Therefore, we decided to use another method for magmatic 
systems to calculate the 18,'$%
9:; . 
Dohmen et al. (2016) proposed a function of 18,'$%
9:;  derived from experiments 
with a range of 870-1100°C and at 10-11-10-7 Pa ƒO2. This function can be used on a-, b- 
and c-axis. Dohmen et al. (2016) only measured the 18,'$%
9:;  on two natural 
orthopyroxenes (En98Fs1 and En91Fs9, XFs=XFe), but their 18,'$%
9:;  is calibrated for XFe in 














, 4	//	', ?	'4>%                                              (4) 
where R is the gas constant (8.3145 [J/molK]), and T is the temperature in Kelvin. The 
function 3(4) represents a factor for the diffusion anisotropy of orthopyroxene. Dohmen  
 
Figure S5.1.1 Comparison of Mg-Fe diffusion coefficient in orthopyroxene between 840-
1000°C (temperature of magmas of the Milos volcanic field, as discussed in Chapter 5), based 
on (A) Allan et al. (2013), (B) Ganguly and Tazzoli (1994) and (C) Dohmen et al. (2016). The 
range of XFe in this study is constrained between the vertical dash lines (0.28-0.38). 
et al. (2016) concluded that the 18,'$%
9:;  parallel to the c-axis (18,'$%H ) is a factor 3.5 
larger than 18,'$%




9:;  parallel to the b-axis (18,'$%I ) has a value intermediate between those of 
the c-, and a-axis. The observation of Dohmen et al. (2016) is consistent with the 
theoretical crystallographic considerations of Ganguly and Tazzoli (1994) for diffusion 
of octahedral cations in orthopyroxene. In this study we assume that 18,'$%I  is 
approximately equal to 18,'$%* 	if the temperature is lower than 1000 °C. Based on the 
Figure 4a of Dohmen et al. (2016), 18,'$%I  is closer to 18,'$%*  as the temperature is 
below than 1000 °C (Figure S5.1.1). 
A comparison of the 18,'$%
9:;  values from different studies is shown in Figure 
S5.1.1. The temperature and XFe were set between 840-1000 °C and 0.2-0.5, 
respectively. The logƒO2 was kept in the range -11 and -7 in order to be comparable to 
the volcanic systems used in Dohmen et al. (2016). Figure S5.1.1 shows that at the given 
conditions, the 18,'$%
9:;  value of Ganguly and Tazzoli et al. (1994) and Allan et al. 
(2013) of the c-, b-axis is approximately 5 times larger than those reported by Dohmen 
et al. (2016). Therefore, the residence time-scale of the orthorpyroxcene and 
clinopyroxene of the Milos volcanic field that use the 18,'$%
9:;  of the Tazzoli et al. 
(1994) and Allan et al. (2013) will be underestimated.  
Mg-Fe diffusion coefficient in clinopyroxene 
Rietmeijer (1983) estimated that the value of the Ca-(Fe-Mg) diffusion 
coefficient DCa-(Fe-Mg) varies between 6 x 10-24 and 2 x 10-21 m2/s at 900 °C. Brady and 
McCallister (1983) described an “average” Ca-Mg effective binary inter-diffusion 
coefficient at 1150-1250 °C on the c-axis of a sub-calcic diopside. Zhang et al. (2010) 
measured the Ca-Mg inter-diffusion of experiments in the temperature range of 950-
1150 °C. These temperature ranges of Ca-(Mg+Fe) or Ca-Mg diffusion in clinopyroxene 
only partly overlap with the temperatures found for Milos magmas (840-1000 °C, see 
the main text of Chapter 5). Therefore, a Fe-Mg diffusion 18,'$%
9:; 	coefficient for 
clinopyroxene is taken from other studies.  
Dimanov et al. (2000, 2006) derived the (Fe, Mn)-Mg inter-diffusion coefficients 
at 1000-1200 °C from experimental data. They observed a dependence of the inter-
diffusion coefficient with ƒO2 and the Al content of the starting material that was almost 
Al free (Dimanov et al., 2006). The experimental results of Müller and Dohmen et al. 
(2013) showed no apparent relation of 18,'$%
9:;  with composition from Di93 to Di65 or 
ƒO2. The clinopyroxene of Müller and Dohmen et al. (2013) contains ~0.1 atoms of Al 
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per formula unit, and Müller and Dohmen et al. (2013) proposed that different Al 
contents of clinopyroxene may have an effect on the ƒO2 dependence. Along the c-axis of 
clinopyroxene, the temperature and composition in the experiments of Müller and 
Dohmen et al. (2013) ranged from 800 to 1200 °C and Di93 to Di65, respectively, which 
overlaps with the temperature ranges found for magmas from Milos (discussed in 
Chapter 5). Therefore, we prefer the function of 18,'$%




H:; = 2.77 ± 4.27 × 10'F)
/0+1<11±=>111	[5/!67]
:;                             (5) 
 
where 18,'$%
H:;  is in m2.s-1, R is in J×mol-1×K-1 and T is in K. Because we modelled our 
profiles parallel to a- or b-axis, a correction is needed for the c-axis parallel diffusion 
coefficient (1H
H:;) from equation 5 due to anisotropy. In this study the correction values 
for the Santorini volcanic field of Flaherty et al. (2018) are used: 1H
H:;=1.261*
H:; (a-axis 
parallel diffusion coefficient) =3.851I
H:; (b-axis parallel diffusion coefficient), The 
orientations of the clinopyroxenes in this study were determined using the SHAPE 
software (Dowty, 1987).  
Uncertainties on the time-scales of pyroxene diffusion 
We assessed the uncertainties of the pyroxene diffusion time-scales in two steps 
based on the propagation of error. The first step calculates the uncertainties on the Fe-





























)!                                         (6) 
where E, the activation energy for the Fe-Mg diffusion in orthopyroxene based on 
Dohmen et al. (2016), is equal to 308±23 kJ.mol-1. The value of log(D0[m2/s]) is -
5.95±0.83, and n is the exponent of ƒO2 in equation (3), which is equal to 0.053±0.027.  
For clinopyroxene: 
(s18,'$%












)!               (7) 
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where D0, the initial Fe-Mg diffusion coefficient in clinopyroxene, is 2.77±4.77 × 10-7 
m2/s given by Müller and Dohmen et al. (2013) and the value of E is 320.7±16 kJ.mol-1. 
In the second step, the uncertainty of the time-scales is calculated after acquiring the 
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)!                                    (8) 
where the 18,'$% represents either 18,'$%
H:;  or 18,'$%
9:; , and L is the diffusion length 
scale with an uncertainty of approximately ±20% given by the eye from the best fitting 
profile in Excel. 
The temperature (T) and activation energy (E) are the main factors determining the Fe-
Mg diffusion coefficient in pyroxene. The uncertainty of T is < 20 °C based on the 
orthopyroxene-clinopyroxene pair thermometers and barometers of Putirka et al. (2008). 
The ƒO2 ranges from 10-11 to 10-7 Pa as discussed in Chapter 5. Considering all these 
variables, the diffusion time-scales uncertainties of orthopyroxene and clinopyroxene 





Thermal conditions beneath the Milos volcanic field 
Magma mixing affects mineral textures and composition in a magma chamber, 
and results in reverse, oscillatory and patchy zoning in minerals (e.g., Berlo et al., 2007; 
Ginibre et al., 2007; Streck, 2008). Elemental diffusion can smooth and even obliterate 
compositional profiles through mineral zones when these minerals stay in a magma 
chamber for a long time (>104 years; e.g., Costa et al., 2008) and/or at high temperature 
(>1100°C; e.g., Putirka, 2008), since elemental diffusion rates can be relatively fast 
(hours to days; e.g., Costa et al., 2008). However, the significantly decreasing 
temparature during magma eruptions can freeze the compositional zoning profiles before 
they homogenize. Therefore, compositional zoning profiles can be used to extract 
thermal and time information of their host minerals which were brought to the surface 
by volcanic eruptions (e.g., Putirka, 2008; Costa and Morgan, 2010; Müller et al., 2013; 
Neave and Putirka, 2017). 
One of the most critical parameters in estimating elemental diffusion time-scales 
is the equilibrium temperature of the magma system. (e.g., Putirka, 2008; Costa et al., 
2008; Allan et al., 2013; Petrone et al., 2016). The relation between the elemental 
diffusion coefficient (D) and the equilibrium temperature of a magmatic system is given 
by the Arrhenius equation after adjusting the pre-exponential factor, a constant for each 
chemical reaction (e.g., Morgan et al., 2004; Putirka, 2008; Costa and Morgan, 2011). 
The magmatic equilibrium temperature is estimated by the distribution of elemental 
compositions between mineral and the liquid (i.e. the groundmass). Therefore, the 
mineralogy of igneous rocks is an important factor for the thermal analysis of magmatic 
systems, especially for those in the deep of crust (>10 km) where the equilibrium 
temperature cannot be directly measured by other techniques (e.g., borehole temperature 
probe measurement; Davis et al., 2004). 
The MVF is exposed on the islands of the Milos archipelago: Milos, Antimilos, 
Kimolos and Polyegos. Fytikas et al. (1986, 1989) inferred that the magmatic system is 
loacated relatively deep in the crust or at the crust-mantle boundary. The Period I 
volcanic units of Zhou et al. (2021) consist of submarine felsic crypto-dome-pumice 
cone volcanoes (Stewart and McPhie, 2006) that produced amoung others thick 
pyroclastic breccias. These were later intruded by crypto-domes and dykes, with mainly 




Figure S5.2.1 Stratigraphic column (left), Photos of the sample locations (middle) and Photomicrographs of Period 1 volcanic units (right), based on Fytikas et al. 





Figure. S5.2.2 SiO2 versus K2O diagram for Period I volcanic units of the Milos volcanic field 
compared to the other volcanic units of Milos after Francalanci and Zelmer (2019) and Zhou et 
al. (2021). The P-T conditions and diffuson time-scales are derived from the three samples of 
this study shown as solid black circles. Fields for the tholeiite, calc-alakline, high-K calc-
alkaline and shoshonitic series from Peccerillo and Taylor (1976). Vertical fields for basalt, 
basaltic-andesite, andesite, dacite and rhyolite are from Le Bas et al.(1986). 
The thermal analysis of the Milos volcanic field in this study  
Figure S5.2.1 shows that the cumulate of clinopyroxene-orthopyroxene-
plagioclase exists in the pyroclastic flow, crypto-dome and dyke of Period I volcanic 
unit on Milos. The volatile exsolution of the crypto-dome and dyke could indicate a 
H2O-saturated or -rich magma reservoir underneath the MVF (Figure S5.2.1). Three 
samples were selected from Period I of the MVF to study the P-T and diffusive time-
scales. Sample G15M0016, (2.66 Ma, Zhou et al., 2021) is derived from a dyke and has 
a basaltic-andesite composition (Figure. S5.2.2). Sample G15M0017 (~3.08 Ma, Zhou et 
al., 2021) is from a pyroclastic breccia. The last sample G15M0015, (3.06 Ma, Zhou et 
al., 2021) is derived from an intruded crypto-dome. Sample G15M0017 has a higher 
abundance of large plagioclase crystals (~1000 µm) than the other two samples. On the 
other hand, the composition of the younger basaltic-andesitic dyke is more mafic than 
the older dacitic pyroclastic flow and crypto-dome (Figure S5.2.2). The different 
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composition suggests that at least the temperature of the magmas varied considerably 
during the evolution of the first period (3.06 to 2.66 Ma) of the MVF (e.g., Putirka, 
2008). To obtain more detailed information on the thermal history in which part of the 
crust magmas were stored, we collected new major element data on plagioclase, 
orothopyroxene and clinopyroxenen of the samples mentioned above. Most data (>200 
spot analyses by EPMA) were collected to study diffusion profiles of rims, cores and 
rim-core sectors of pyroxenes and another 30-50 analyses on sectors of plagioclase. See 
details of analytical method and result in supplementary material 5.1 and Chapter 5, 
respectively. 
Geothermo- and barmometers used in this study 
The equilibrium temperature and pressure, at which minerals formed during Period 1 of 
the magmatic system of Milos, were estimated with the help of the clinopyroxene-liquid, 
orthopyroxene-liquid and clinopyroxene-orthopyroxene geothermometers and 
geobarmometers of Putirka (2008). Equations 28a, 29b, 32c, 33, 36, 37 and 39 from 
Putirka (2008) were used on all pyroxenes which were selected for diffusion modelling. 
The whole-rock composition of the samples from which these pyroxenes were extracted 
is used as the liquid composition if the crystallinity of these rocks is lower than 25% 
(e.g., Putirka, 2008). The liquid composition for samples with acrystallinity higher than 
25 was obtained by removing plagioclase from the whole rock composition (Putirka, 
2008). 
The reliability of our P-T estimations were checked by comparing the measured 
Fe-Mg exchange coefficient (KD) to the predicted equilibrium values: i.e. 
!"!"#$%&'(#)*+=0.27±0.03 for clinopryoxoene-liquid and !"!"#$%,'(#)*+=0.29±0.06 for 
orthopyroxene-liquid and !"!"#$%&'(#,'(=0.7±0.2 for clinopyroxene-orthopyroxene 
(Putirka, 2008). Secondly, only those pyroxenes that satisfy the Fe-Mg exchange 
coefficient quilibrium test are used to further calculate the equilibrium temperature and 
pressure of magmas. Finally, the calculated temperature and pressure of Milos magmas 
will be compared to those of other SAVA volcanic fields.  
In addition, Druitt et al. (2012) uses another approach for determining the 
temperature reconstruction based on the crystallization temperature of plagioclase: 
T=855 °C + 200 °C × (%An - %An40) / (%An80 -%An40) 
Druitt et al. (2012) assumed that An40 and An80 plagioclases crystalised at 855 °C and 
1055 °C, respectively, and the latter represents the temperature of Santorini basaltic 
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andesiteic magma. The first %An of this formula is the input from the measurements on 
the rim, core and rim-core sectors of each plagioclase. The whole rock composition of 
samples of this study changes from basaltic-andesitic to dacitic. The MVF is located 
~100 km west to the Santorini volcanic filed. Therefore, this formula is likely also 
suitable for the temperature calculation of the magmatic system of Milos and can 
therefore be used to compare with the Putirka geothermometers (Putirka, 2008). 
Results 
We estimated the equilibrium temperatures on the core, intermediate and rim 
sectors of pyroxenes and plagioclases. Although the number of core analyses of 
pyroxenes are too small to calculate the equilibrium temperatures, there is still sufficient 
data obtained from the other two sectors to do this. 
 
Figure. S5.2.3 Calculated equilibrium temperature (A) and pressure (B) based on three 
geothermometers of Putirka (2008) (Eq. 33 and 32c for Cpx-Liquid, Eq. 28a and 29b for Opx-
Liquid, and Eq. 36, 37 and 39 for Cpx-Opx; Eq. 36 and 37 are suitable for Mg# of Cpx >0.75 
and <0.75, respectively). The temperature and pressure estimates of the Milos volcanic field are 
compared with the temperatures and pressures of magmas from the other SAVA volcanic fields 
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(e.g., Bachmann et al., 2012; Soens, 2015; Flaherty et al., 2018; Popa et al., 2020). The error 
bars are from Putirka (2008). Abbreviation: Cpx—Clinopyroxene, Opx—Orthopyroxene, 
SAVA—South Aegean Volcanic Arc. 
The three geothermometers of Putirka (2008) --clinopyroxene-liquid, 
orthopyroxene-liquid and clinopyroxene-orthopyroxene--, gave the magmatic 
equilibrium temperature ranges of 920-1200 °C, 1000-1150 °C and 850-950 °C, 
respectively, based on the mineralogical analysis of the pyroclastic breccia and crypto-
dome samples (sample G15M0017 and G15M0015; Figure S5.2.3A). The results of the 
first two geothermometers are much higher than the temperature estimates of other 
magmas in the western (800-900 °C), central and eastern (900-950 °C) SAVA (e.g., 
Bachmann et al., 2012; Soens, 2015; Flaherty et al., 2018; Popa et al., 2020). Only the 
clinopyroxene-orthopyroxene geothermometer gave comparable equilibrium 
temperatures. Figure S3.3B shows that the pressures calculated from the clinopyroxene-
liquid and orthopyroxene-liquid geothermometers are also substantially different from 
the pyroxene pair. Both the temperature of 850-1000 °C and pressure of 2.5-7 kbar 
estimated from the pyroxene pair are comparable to those of the other volcanic fields of 
SAVA (Figure S5.2.3). Moreover, the temperature estimate based on the An% of 
plagioclase (Druitt et al., 2012) also gave similar estimates as the pyroxenes pair 
geothermometer of Putirka (2008) (Figure S5.2.4). This suggests that the clinopyroxene-
orthopyroxene geothermometer and barmometer probably provides the most accurate 
temperature and pressure information. 
The basaltic-andesitic dyke (sample G15M0016) did not yield an equilibrium 
temperature in the clinopyroxene-liquid and orthopyroxene-liquid geothermometers. 
However, the clinopyroxene-orthopyroxene geothermometer gave a relatively high 
equilibrium temperature of 950-1000 °C. The absence of equilibrium between the 
pyroxenes and the surrounding magmatic liquid could be the result of fast ascent and 
intrusion of the dyke into the pumiceous unit, whereas the presence of the equilibrium 
temperatures between clinopyroxene and orthopyroxene indicates that these two 
pyroxenes record the thermal information during growth in a deeper magma reservoir 




Figure. S5.2.4 Comparison between the geothermometers based on Cpx-Opx pair (Putirka, 
2008) and An% of plagioclase (Druitt et al., 2012). The temperature estimates are taken from the 
rim, intermediate and core sectors of the selected clinopyroxenes, orthopyroxenes and 
plagioclases. Abbreviations: Cpx=Clinopyroxene; Opx=Orthopyroxene; Plg=Plagioclase; An%= 
Anorthite percentage of plagioclase. 
Uncertainties of the calculated temperatures and pressures 
The published uncertainties of the temperature and pressure estimates of SAVA 
magmas are mainly within ±50 °C and ±1.0 kbar, respectively (Figure S5.2.3; e.g., 
Bachmann et al., 2012; Soens, 2015; Flaherty et al., 2018; Popa et al., 2020). The 
uncertainties of temperature and pressure estimates of this study are calculated with the 
method of Putirka (2008). Equation 36 and 37 of Putirka (2008) provide the standard 
errors of estimate (SEE) which range from ±38 to ±45 °C with R2 of 0.91 and 0.93. The 
uncertities for the pressure calculation are derived from Eq. 39 of Putirka (2008) and 
gives a SEE of ±2.8 kbar with an R2 of 0.82. In this study, we combined the temperature 
estimation of Druitt et al. (2012) with the clinopyroxene-orthopyroxene geothermometer 
and barmometer of Putirka (2008) to constrain the uncertainties of the temperature and 
pressure of the Milos magmas. These calculations gave ±30 °C and ±2 kbar, as two 
standard deviations (2SD), for the uncertainties of temperature and pressure, 
respectively (Table S5.2.1). Table S5.2.1 shows a good match between the results from 
Putirka (2008) and Druitt (2012). Therefore, we consider ±30 °C and ±2 kbar (2SD) as 
realistic uncertainties for the temperature and pressure, respective
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Supplementary material 5.3 
Results of Mg-Fe diffusion modeling of the basal pyroclastic series of the Milos Volcanic Field 
 
Table S5.3.1. Mg-Fe diffusion time-scales for orthopyroxene 
Crystal profile Compositional parameters Range of  
chamber temperature 
  









t tmin tmax R
2 
G15M0017 
15 7818-2-018a ~3.08 Rim 66.3 64.0 856-916°C 223 158 287 0.9478 
15 7818-2-3d ~3.08 Intermediate 65.8 64.8 868-928°C 19 13 24 0.9736 
15 7818-2-14b ~3.08 Intermediate 69.4 65.5 868-928°C 353 246 459 0.9526 
G15M0015 
12 7818-5-12b 3.06 Rim 70.1 64.2 872-932°C 106 73 138 0.9887 
13 7818-5-20a 3.06 Rim 70.8 63.5 872-932°C 101 70 132 0.9947 
16 7818-5-20b 3.06 Rim 70.6 63.0 872-932°C 121 84 158 0.9925 
13 7818-5-23a 3.06 Rim 67.9 63.7 872-932°C 188 129 246 0.9836 
8 7818-5-6b 3.06 Rim 67.0 63.7 872-932°C 53 36 69 0.9804 
13 7818-5-15b 3.06 Intermediate 66.1 64.5 903-963°C 39 24 54 0.9871 
G15M0016 
17 7819-8-18b 2.66 Rim 71.0 68.7 939-999°C 14 6 21 0.9489 
15 7819-8-21b 2.66 Rim 71.5 69.8 939-999°C 3 1 5 0.9329 
10 7819-8-11c 2.66 Intermediate 71.0 69.6 967-1027°C 0.2 0.1 0.3 0.9386 
*The eruption ages are based on the 40Ar/39Ar data in Zhou et al. (2021). 





Table S5.3.2. Mg-Fe diffusion time-scales for clinopyroxene 
Crystal profile Compositional parameters 



















t tmin tmax R
2 
G15M0017 12 7818-1-8a-3 ~3.08 Rim 85.6 71.8 856-916°C 3.85 498 336 660 0.9882 
G15M0017 9 7818-1-8a ~3.08 Rim 86.1 73.0 856-916°C 3.85 124 84 164 0.9845 
G15M0017 8 7818-1-8a ~3.08 Intermediate 73.0 86.1 868-928°C 3.85 138 74 203 0.9704 
G15M0017 11 7818-1-1a ~3.08 Intermediate 91.1 89.6 868-928°C 1.26 172 137 207 0.9589 
G15M0017 13 7818-1-3c ~3.08 Intermediate 89.3 85.6 868-928°C 1.26 67 36 98 0.9869 
G15M0017 11 7818-1-8c ~3.08 Intermediate 89.1 84.8 868-928°C 3.85 139 74 204 0.9885 
G15M0017 13 7818-1-10a ~3.08 Intermediate 91.4 88.3 868-928°C 1.26 97 52 144 0.9861 
G15M0017 14 7818-1-10c ~3.08 Intermediate 91.1 89.7 868-928°C 3.85 271 145 397 0.9576 
G15M0015 19 7818-4-7a 3.06 Rim 72.1 71.1 872-932°C 3.85 317 150 484 0.9033 
G15M0015 11 7818-4-21b 3.06 Rim 73.1 81.9 872-932°C 3.85 3553 1689 5417 0.9857 
G15M0015 10 7818-4-18a 3.06 Intermediate 76.5 70.4 903-963°C 3.85 188 <1 376 0.9891 
G15M0015 15 7818-4-21a 3.06 Intermediate 81.7 74.0 903-963°C 3.85 362 <1 724 0.9462 
G15M0015 14 7818-4-22a 3.06 Intermediate 82.2 76.5 903-963°C 3.85 1134 <1 2268 0.9910 
G15M0015 15 7818-4-22b 3.06 Intermediate 85.5 80.3 903-963°C 3.85 832 <1 1664 0.9781 
G15M0015 15 7818-4-22c 3.06 Intermediate 84.9 76.6 903-963°C 3.85 934 <1 1867 0.9932 
G15M0016 9 7819-7-1c 2.66 Intermediate 80.0 76.3 967-1027°C 3.85 37 <1 73 0.9517 
*The eruption ages are based on the 40Ar/39Ar work of Zhou et al., (2020). 





Orthopyroxene diffusion profiles on respective BSE imagery 
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Diffusion profile BSE image of whole crystal Magnification and location of 
each profile 
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Clinopyroxene diffusion profiles on respective BSE imagery 
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BSE image of whole crystal Magnification and location of 
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Diffusion profile BSE image of whole crystal Magnification and location of 
each profile 
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Diffusion profile 












The previous chapters have comprehensively presented the geochronological framework 
for the Milos Volcanic Field (MVF), the implications for the eruption frequency and the extent 
of assimilation of arc crust beneath Milos. Chapter 2 provides a high-resolution 
geochronological framework for the Milos volcanic history using 40Ar/39Ar geochronology. 
Based on the age information obtained in Chapter 2, Chapters 3 and 4 further investigate the 
magmatic processes (e.g., magma flux and magma assimilation) underneath the MVF. To test 
the time-scales of these magmatic processes, Chapter 5 uses diffusion chronometry to estimate 
the time-scales of magma storage and/or transport. This chapter will integrate all chapters' 
conclusions and discuss what future research could contribute to our understanding of this 
complex magmatic system. 
6.1 High-resolution geochronology and diffusion chronometry 
of the Milos volcanic field 
6.1.1 Milos volcanic history 
Volcanism of the MVF started between 3.5 and 3.15 Ma, mainly producing rhyolitic 
pumice breccias in the south-western part of Milos. These pumice breccias were deposited in a 
submarine setting and were intruded by crypto-domes, sills and dykes. Two of those crypto-
domes (rhyolitic and dacitic in composition) are ~3.08 and 3.06 Ma old. A dyke that outcrops at 
the coast of SW of Milos has an age of 2.66 Ma. In the north-eastern part of Milos, the first 
volcano erupted at 2.66 Ma, also producing pumice breccia in a submarine setting. A dacitic 
crypto-dome intruded this pumiceous deposit in the NE of Milos at 2.62 Ma. From 2.50 Ma 
onwards, lavas become more important. At least three lava domes formed between 2.50 and 2.03 
Ma, producing andesitic-rhyolitic lavas mainly distributed in the western part of Milos. One of 
these three lava domes, the Triades lava dome (NW of Milos), erupted at least twice at 2.13 and 
1.97 Ma. 
Pumice breccia and obsidian were produced from volcanoes between 1.83 and 1.71 Ma 
in the east and north of Milos. At 1.59 and 1.48 Ma, two lava domes formed in the northeast and 
northwest of Milos, producing andesitic and dacitic lavas, respectively. The age of 1.48 Ma 
corresponds to the transition from a submarine to a subaerial setting. After a long volcanic 
quiescence interval of ~0.45 Myr, two lava domes of dacitic and rhyolitic composition formed in 
the north and south of Milos, respectively. The extrusion of these lava domes is followed by 
another long period of volcanic quiescence (~0.35 Myr). The most recent volcanism consists of 
two volcanic complexes formed in the north and south of Milos, respectively. The volcanic 
complex in the north of Milos erupted at 0.63, 0.51 and 0.32 Ma, and the one in the south 
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erupted at 0.11-0.06 Ma. Both complexes are composed of rhyolitic pumice deposits and lava. In 
the interval between these two rhyolitic pumice cone deposits, a lava dome formed, which 
produced rhyolitic lava outcropping at the southern coast of Milos. 
 
Figure 6.1 (A) The variation of Qe (the average long-term volcanic output rate), (B) ti (time 
interval between magma injections), (C) Qav (the average long-term flux of magma from deep) 
and (D) Gmc (magma chamber growth rate) versus the eruption ages for Milos volcanic units. 
The red line and dashed red line of Fig. 6.1 (A) represent the maximum and minimum 
cumulative eruption volume of the Milos volcanic field, respectively. The variables Qe, ti, Qav 
and Gmc of the Milos volcanic field between 3.5 and 3.34 Ma are unknown and therefore 
indicated with a question mark.  
6.1.2 Temporal variations in the volcanic output rate 
The high-resolution geochronological framework for the MVF records at least twenty-
one eruptions during a period of at least 3.3 Myr. In combination with previously published 
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eruption volume data (Stewart and McPhie, 2006), Chapter 2 divided the Milos volcanic history 
into three periods with different volcanic output rates (Qe; Figure 6.1A). During Period I (~3.3-
2.13 Ma), two pumice-cones produced large pumiceous pyroclastic units (3-11 km3 DRE in 
volume) covering most area of the MVF. In addition to these pumice-cones, two lava domes 
contributed 1-3 km3 DRE in volume to the MVF. However, the Qe of Period I (0.9 ±0.5Í10-5 
km3·yr-1) is low compared to that of Period II (2.13-1.48 Ma; 3.0 ±1.7Í10-5 km3·yr-1). Most lava 
domes of the MVF formed during Period II and produced volcanic units of 8-30 km3 DRE in 
volume. Periods I and II volcanism occurred in a submarine setting. The volcanic centres of 
Period III (1.48 Ma-present) developed in a subaerial environment producing rhyolitic lava and 
pyroclastic units of 3-4 km3 DRE in volume. Period III has the lowest Qe of 0.25 ±0.05Í10-5 
km3·yr-1) compared to Periods I and II. The MVF overlaps with the lowest Qe values reported by 
White et al. (2006) for felsic magmatic systems. The low Qe indicates a very low magma 
production rate beneath the MVF over the past ~3.3 Myr (e.g., Jicha and Jagoutz, 2015). 
 
6.1.3 Eruption Frequency of the Milos volcanic field 
Eruption frequency of magmatic systems are controlled by several parameters, such as 
the magma production rate or magma flux, the magma injection frequency and the magma 
chamber growth rate (e.g., Caricchi et al., 2014; Townsend et al., 2019). Chapter 3 combined 
two numerical models (one from Caricchi et al., 2014 and the other from Townsend et al., 2019) 
to further constrain the range of these parameters for the MVF. The model of Caricchi et al. 
(2014) is designed for understanding global scale volcanism. Chapter 3 adjusted it to be suitable 
for small-scale volcanism such as the MVF (eruption volume <100 km3). Based on the high-
resolution geochronological framework presented in Chapter 3, Period III can be subdivided into 
two periods based on the eruption frequency. The eruption frequency was very low between 1.48 
and 0.60 Ma (time interval between each eruption >300 kyr) and increased again after 0.60 Ma 
(time interval between each eruption <120 kyr). The time interval between each eruption of 
Period I is longer than 150 kyr, whereas it is shorter than 150 kyr for Period II.  
The results of these two models used in Chapter 3 show that the magma flux of Period I 
is higher than 0.001 km3·yr-1 with magma injection frequency of 2-5 times per thousand year. 
During Period II, both the magma flux (>0.002 km3·yr-1) and the injection frequency (>5 times 
per thousand year) increased. Between 1.48 and 0.60 Ma both the magma flux of <0.001 km3·yr-
1 and injection frequency of <2 times·ka-1 are significantly lower than during the other periods. 
From 0.60 Ma to recent, the magma flux and injection frequency are comparable to those of 
Period I. However, the magma chamber growth rate decreased from >0.001 km3·yr-1 to <0.0001 
km3·yr-1 over time due to the host rocks becoming more felsic as magma evolved. The low 
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magma chamber growth rate could be responsible for the low volcanic output rate during this 
period. 
 
6.1.4 Time-scales of magma storage in the Milos volcanic field 
The estimated magma flux of Chapter 3 represents the average flux of magma from the 
mantle over longer periods of time (0.1-0.5 Myr). If the magma injection frequency is known, 
the calculation of the magma flux can be improved. Magma injection is the magmatic process of 
mafic magma from mantle recharging a deep crustal hot zone, which has also been defined as 
magma replenishment (e.g., Annen et al., 2006). The time-scale of magma replenishment is 
crucial to precisely estimate the magma flux. Chapter 5 used diffusion-modelling on minerals to 
estimate the rate of magma replenishment in the Milos magmatic system. Chapter 5 discussed 
the implications of diffusion chronometry for the oldest volcanic unit of Period I from the SW of 
Milos to reduce the influence of the upper crustal magma reservoir on this calculation (e.g., 
Fytikas et al., 1986). The phenocrysts of a pyroclastic deposit and a crypto-dome indicate 2-3 
times longer magma replenishment times of 10-1000 years which is comparable to the magma 
injection frequency estimated by Chapter 3. A dyke intruded into the oldest unit recorded a time-
scale of 0.1-100 years during which replenishment triggered magma differentiation in magma 
reservoir. 
6.2 Temporal geochemical evolution of the Milos volcanic field 
The temporal geochemical evolution of the MVF can be studied using the stratigraphic 
high-resolution geochronological framework. Chapter 4 used major- and trace elements to 
observe how the fractional crystallization of the Milos magmatic system varied over time. In 
addition, the radiogenic isotopes of Chapter 4 helped with tracking the magma sources and 
possible assimilants.  
6.2.1 Major- and trace elements 
The SiO2 content of Milos volcanic rocks range from 52 to 78 wt.%, corresponding to 
basaltic andesite to rhyolite. The volcanic units of periods I and II display a wide range in 
compositions, varying from basaltic andesite to rhyolite, whereas the main magma type of 
Period III is rhyolite. The negative correlation of both TiO2 and P2O5 with fractionation indexes 
may be caused by the onset of magnetite and apatite fractionation. The relative MREE depletion 
((Dy/Yb)N = 0.74-1.27) suggests that amphibole plays an important role in the formation of the 
MVF magmas (e.g., Davidson et al., 2007).  
Fractional crystallization in a deep crustal hot zone of olivine-clinopyroxene-plagioclase 
predominantly controlled the variation of the trace elements (e.g., Dy, Yb, La, Y and Sr) of 
Period I volcanic units. Fractionation of amphibole during resorption of olivine-clinopyroxene 
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cumulates (peritectic reaction), together with magma mixing with more mafic melts resulted in 
highly variable magma compositions of Period II. During Period III, the rhyolitic magmas with 
relative constant composition were produced by resorption of olivine-clinopyroxene cumulates 
and amphibole fractional crystallization.  
 
6.2.2 Radiogenic isotopes 
The MVF shows a large range in Sr-Nd-Hf-Pb isotopes that is clearly not mantle like. 
The correlations with fractionation indexes suggest an important role for assimilation of lower 
and/or upper continental crust. Chapter 4 provides also possible assimilants in the crust beneath 
Milos, such as Neogene sediments, hydrothermal fluids and marble. 
Two assimilation fractional crystallization models were tested for the MVF: (1) the 
classical AFC model without recharge of DePaolo (1981) and the more complex EC-RA χ FC 
model by Bohrson and Spera (2007) with recharge. Both these models show that assimilation of 
lower and upper crust occurred during Period I, and also that the amount of assimilation was 
highest during this period. Period III magmas experienced the least amount of assimilation, and 
assimilation of upper crust was dominant during this period. Large scale magma mixing between 
mafic and felsic magmas was the dominant process during Period II. Assimilation of 
hydrothermally altered rocks, lower and upper continental crust all occurred during this period. 
The parental magma sources of periods I and III unit have a similar geochemical 
character to that of the Santorini volcanic field (e.g., Vougioukalakis et al., 2019 and references 
therein). However, the character of period II parental magma source is comparable to that of the 
Kos-Nisyros-Yali volcanic field. There could be a relationship between the compositional 
variation of magma source and mechanism of magmatic process (e.g., the changes in magma 
flux and tectonic activity). 
6.3 Outlook 
Although this study reports a large amount of new 40Ar/39Ar ages and geochemical 
data, it still covers a small part of (the exposed rocks in) the MVF. For new studies of the 
MVF, these points are of importance: 
1. Due to the high degree of alteration of the oldest volcanic units (Profitis Illias submarine 
pumice-cone/crypto-dome), the exact age of the start of volcanism in the MVF is still 
unclear. A possible technique to date these altered deposits would be to do U-Pb by ion 
probe on zircons that have been left intact. 
2. Only a first attempt was made in this thesis to report diffusion ages for pyroxene in Period 
I volcanic rocks. This study could be expanded to other Periods, and establish if there is a 
correlation between magma flux (Qe) and the time of crystals residing in the magma 
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system. In a similar way this could be extended to magmas showing variable degrees of 
assimilation. 
3. Other geochronological data could offer more information for constructing high-
resolution geochronology. The 40Ar/39Ar ages of fluids could record the time since the 
recharging magma formed. U-Pb isotope ages of zircons could record the time of magma 
storage in the magma reservoirs in the mid-upper crust. These ages can provide 
information on longer time-scales than those obtained by diffusion modelling on minerals. 
This would give better constraints on the maximum time-scale of magma storage in deep 
or shallow magma chambers beneath the MVF. Moreover, the trace elements and 
radiogenic isotope of zircons can offer more robust geochemical evidence to track the 
felsic magma composition and assimilation. 
4. The parameter volcanic output rate (Qe) quantifies magmatic processes as observed on the 
surface of Earth. Other parameters, such as, magma flux, magma injection frequency and 
magma chamber growth rate describe how these magmatic process work in a magmatic 
system. The high-resolution 40Ar/39Ar geochronology offers age information to estimate 
these parameters. A change in tectonic stress field could be the trigger for volcanic 
eruptions (e.g., Caricchi et al., 2012; Putirka, 2017), which links to the sudden changes of 
these parameters (see section 3.4.2 of Chapter 3). Conversely, the sudden changes in these 
parameters could indicate the timing of changes in the (past) regional tectonic regime. The 
relation between stress field and magmatic processes requires more geochronological, 
geophysical and geochemical data to assess how important this factor is for the eruption 
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